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Abstract
Black phosphorus (BP), as a two-dimensional material, has attracted interest in recent
decades due to its unique properties—tunable band gap and high carrier mobility.
Specifically, BP shows ultra-high theoretical capacity of 2595 mA h g-1, resulting in high
potential practical applications in lithium-ion batteries (LIBs). However, several challenges
limit the development of BP in the energy storage field and LIBs: 1) The cost of the current
synthesis methods of BP is too high to support extensive research studies and practical
applications; 2) The electrical conductivity of BP is insufficient in LIBs; 3) The huge
volume change of BP anode materials in LIBs results in rapid fade of the capacity during
long cycling; 4) The lack of understanding of the mechanism of the reaction of BP and Li+
in LIBs during cycling hinders the further development of the material. To solve these
challenges, this thesis mainly focuses on the design, characterization, and mechanistic
understanding of BP-based materials using synchrotron-based techniques along with other
techniques. The thesis is arranged as follows.
Firstly, low-cost BP was prepared by the modified chemical vapor transport (CVT)
method. The cost of the BP was drastically reduced by replacing the high-cost red
phosphorus (RP) with low-cost RP in precursors. The produced low-cost BP exhibits the
same purity level, local and electronic structures, as well as the promising hydrogen evolution
reaction as high-cost BP.
Secondly, Se-doped BP (SeBP) was prepared by the same CVT method described in the first
part. The local structure of SeBP was revealed by the combination of extended X-ray

absorption fine structure (EXAFS) and density functional theory (DFT) calculation,
indicating the co-existence of substitutional Se and metallic Se in the BP lattice. The
bandgap of SeBP declines with the rising Se content, resulting in a significant improvement
of electrical conductivity.
In the third part, a nanosized BP-graphite-carbon nanotube (BP/G/CNTs) anode material
was prepared by the ball-milling process. The introduction of graphite and CNTs can
ii

accommodate the volume expansion of BP and create Li+ transport pathways, respectively.
The well-designed BP/G/CNTs delivers high capacity, great rate performance and long
cycle stability under high current. In addition, the 3-step reaction mechanism of BP anode
material and Li+ during cycling are clearly revealed by the combination of ex-situ XAS,
ex-situ X-ray emission spectroscopy (XES), ex-situ X-ray diffraction (XRD), highresolution transmission electron microscope (HRTEM), operando XAS and operando
XRD.
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structure, X-ray diffraction, X-ray emission spectroscopy.

iii

Summary for Lay Audience
Black phosphorus (BP) is a remarkable two-dimensional material in the energy storage field,
including hydrogen evolution reaction (HER), lithium-ion batteries (LIBs), etc. However,
different challenges hindered the practical applications of BP in energy storage field and LIBs,
including the high cost, insufficient electrical conductivity, cracking of BP and the lack of
understanding of the mechanism during cycling in LIBs. In this thesis, the four challenges of
BP were solved to meet the demand of practical applications.
In Chapter 4, the cost of BP was drastically reduced hundreds of times by using ultracheap red
phosphorus as the precursor. The modified synthesis method of low-cost BP shows a
conversion ratio competitive with that of the high-cost BP. In addition, the low-cost BP exhibits
the same purity level, structures, and promising hydrogen evolution reaction (HER)
performance as high-cost BP.
In Chapter 5, the intrinsic electrical conductivity of BP is enhanced by Se doping. The structure
of the obtained Se-doped BP was studied by combining the theoretical calculation and the
synchrotron-based technique. The results show the co-existence of two phases of Se in the
lattice of BP.
In Chapter 6, the cracking of BP anode material was restrained by the specially designed BPbased anode material, BP-graphite-carbon nanotubes (BP/G/CNTs). The well-designed
material shows remarkable electrochemical performances in LIBs. In addition, the reaction
mechanism of BP and Li+ during cycling was studied by the combination of different
synchrotron-based techniques. We also confirmed the importance of operando studies by
comparing the results between the ex-situ and operando X-ray absorption fine structure
(XAFS) and X-ray diffraction (XRD).
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Chapter 1

1

Introduction
1.1

Black Phosphorus

Black phosphorus (BP) as a two-dimensional (2D) material was first prepared by Percy W.
Bridgman in 19141. The revival of BP lies in its unique properties, especially the thicknessdependent and anisotropic characteristics. Different from other 2D materials, BP shows
tunable and direct band gap related to its thickness (from ~0.3 eV in bulk structure to ~2.0
eV in monolayer structure)1. In addition, it also delivers ultra-high carrier mobility (up to
1000 cm2 V-1 s-1 ).2, 3 Furthermore, BP displays exciting advantages over graphene and other
2D materials due to its strong in-plane anisotropic electrical, thermal, optical and phonon
properties, resulting from the lower symmetry of the puckered layer structure.4-7 These
unique physical properties provide promising opportunities for its wide applications in
nanophotonic, nanoelectronics, optoelectronics and energy storage, such as hydrogen
evolution reaction (HER), oxygen evolution reaction (OER).4,

8-14

and lithium-ion

batteries/sodium-ion batteries (LIBs/SIBs) 15, 16.

1.2

Challenges for black phosphorus

Great efforts have been devoted to the practical applications of black phosphorus in
different fields, especially in energy storage devices. However, the industrial usage of black
phosphorus is limited by several challenges. The major challenges of black phosphorus are
listed below:
1) High cost of black phosphorus
The cost of commercial BP is around $1500 USD/g. Although the preparation cost of BP
was decreased by the development of the chemical vapor transport (CVT) method, it is still
as high as 600 USD/g, which limited the practical applications and even scientific research
studies of BP. The high cost of BP is owing to the cost of high purity red phosphorus (RP),
the precursor of BP. Thus, it is crucial to lower the preparation cost of BP by using lowcost and low-purity RP.

2

2) Insufficient electrical conductivity of BP
The application of BP in energy storage field requires high electrical conductivity. One of
the unique properties of BP is the thickness-dependent band structure and its tunable and
direct band gap (from ~0.3 eV in bulk structure to ~2.0 eV in monolayer structure)1, which
indicates that the electrical conductivity of semiconductor BP is insufficient to deliver
promising electrochemical performance in HER or LIBs. In addition, it is confirmed that
the nano-sized BP shows better electrochemical performance in LIBs due to the huge
volume expansion of bulk BP during cycling, which will further decrease the electrical
conductivity of BP by decreasing the BP layers during the process.17-19, 20, 21
Although different methods, such as adding conductor additives, are reported to improve
the electrical conductivity of the materials in the electrochemical field, it is still important
to adjust the band structure to enhance the intrinsic electrical conductivity of BP to meet
different demands where a specific thickness is required.

3) Lack of understanding of the reaction mechanism of BP in LIBs
To realize reasonable structural design and preparation of materials and eventually improve
the overall electrochemical performance and meet the demands of the practical applications
of BP, a thorough understanding of the interaction between BP and Li+ during cycling is
important. To date, the phase transformation of BP in LIBs during cycling is claimed as
BP ↔ LiP ↔ Li2 P ↔ Li3 P.17, 22-24 However, the theoretical studies showed that other Li

species (e.g., LiP7, Li3P7, Li4P3) might also form during lithium insertion/extraction, and

Li2P is not considered as a stable structure during the cycling.25, 26 Thus, the theoretical

study and experimental conclusions are inconsistent. In addition, the common lab-based
structural characterization methods, such as X-ray diffraction (XRD) and X-ray
photoelectron spectroscopy (XPS) require relatively long testing times, which make it
difficult to obtain the real-time structure of BP during the cycling. Thus, to understand the
real-time electrochemical mechanism thoroughly, a more solid study, such as synchrotronbased X-ray absorption spectroscopy (XAS), X-ray emission spectroscopy (XES) and Xray diffraction (XRD) should be carried out.
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1.3

Thesis objectives

In the past five years, the author devoted significant time to overcome the difficulties of
BP based materials in energy storage devices, especially in LIBs. The main research
objectives are listed below:
Part 1. Modify the preparation method of BP
(i) To decrease the preparation cost of BP drastically by replacing the high-cost and high
purity RP with low-cost and low purity RP.
(ii) To study and confirm that the structure, chemical properties and electrochemical
performances of the obtained low-cost BP are compatible with the traditional high-cost BP.
Part 2. Improve the intrinsic electrical conductivity of BP
(i) To improve the intrinsic electrical conductivity by decreasing the band gap of BP. The
adjustment of the band gap can be realized by doping Se into the lattice of BP.
(ii) To study and understand the local structure of Se-doped BP by a combination of density
functional theory (DFT) simulation, extended X-ray absorption fine structure (EXAFS)
fitting and X-ray absorption near edge structure (XANES) calculation.
Part 3. Study of BP in LIBs
(i) To improve the electrochemical performance of BP anode material in LIBs by ballmilling BP with graphite flakes and carbon nanotubes.
(ii) To study and understand the reaction of BP anode material and Li+ during cycling in
LIBs by combining different synchrotron based techniques, including ex-situ and in
operando XAS, XRD and ex-situ XES.

1.4

Thesis outline

The outline of the thesis is as follows.
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•

Chapter 1 gives a brief introduction to black phosphorus and its challenges.
Moreover, the research objectives and the thesis structure are also stated.

•

Chapter 2 provides the recent developments of BP and synchrotron radiation (SR).
In the part of BP, preparation strategies and the electrochemical energy storage
applications of BP and phosphorene are included. The introduction of SR includes
the overview of SR with the fundamentals of XAFS, and the applications of XAFS
in energy storage systems.

•

Chapter 3 describes the experimental apparatus, characterization techniques and
instrumentation of synchrotron facilities.

•

Chapter 4 provides a synthesis method of pure bulk BP with ultra-low-cost.

•

Chapter 5 describes the preparation of Se-doped BP with the same synthesis
method described in Chapter 4. The local structure of Se-doped BP is revealed by
the combination of EXAFS fitting and DFT calculation.

•

Chapter 6 investigates a BP/G/CNTs anode electrode with the ball-milling process,
which delivers ultrahigh capacity, remarkable rate performance and long cycle
stability under high current in LIBs. In addition, by combining ex-situ XAS and
XES, operando XRD, operando XAS, and ex-situ XRD analyses, direct evidence
to unravel the step-by-step phase transformation of BP to Li3P7, LiP, and Li3 P, and
reversible conversion during cycling is provided.

•

Chapter 7 includes the conclusions of the studies described in the thesis and a
description of future work which shall be undertaken.
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Chapter 2

2

Literature review* 1
2.1

Introduction of Energy Storage Devices

The use of renewable energy is considered a promising solution to alleviate many
environmental issues that stem from the excessive exploitation of non-renewable energy
sources and the accelerating global energy demand.1 Currently, the unequal distribution
and intermittent power delivery of renewable energy sources such as wind and solar make
efficient consumption and use of these energy sources challenging. Consequently, it has
become increasingly important to develop technologies that can store energy for later use,
as the demand for large-scale devices to store renewable energy continues to surge.2-4 In
particular, energy storage devices such as lithium/sodium-ion batteries (LIBs/SIBs) and
lithium-sulfur batteries (LSBs) have shown great potential to effectively store renewable
energy by using chemical energy to generate electrical energy.5-8 Along with the secondary
batteries mentioned above, hydrogen has also been considered as a clean energy substitute
for fossil fuels, owing to the pollutant-free emission properties of hydrogen during
combustion. Hydrogen energy sources are commonly generated by a water-splitting
process, which separates water into hydrogen and oxygen. Among the several water
splitting strategies, electrocatalytic water splitting through the cathodic hydrogen evolution
reaction (HER) and the anodic oxygen evolution reaction (OER) is an effective strategy to
produce clean hydrogen.9, 10
Electrode materials are crucial components in secondary batteries as they can enable high
energy densities, long cycling life, and safe application. Currently, commercial LIBs utilize
graphite-based materials at the anode. However, graphite has a low theoretical capacity
(372 mA h g-1) and suffers from sluggish ion-diffusion kinetics, limiting their long-term
application in next-generation devices.11, 12 Recently, new battery technologies such as
SIBs and LSBs have attracted much attention as potential candidates to replace LIBs, due

* Part of this Chapter has been published in Small Methods, 2018, 2, 1700341
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to their high energy densities and low materials costs.13, 14 Despite this, the widespread
adoption of SIBs and LSBs is significantly hindered by various issues, such as the low
capacity of anode materials and the large volume change of sulfur electrodes,
respectively.15, 16, 17 Thus, novel electrode materials with high capacity and stable structures
must be developed in order to realize next-generation batteries with high energy density
and low-cost. Regarding hydrogen evolution, catalytic materials play a key role in
controlling the gas evolution rate and efficiency of the electrocatalytic water splitting
process, as the reactions must overcome the kinetic barrier in order to occur.17, 18 As of
now, most commercially available catalysts for HER/OER processes are based on noblemetals such as Pt, Pd, and Au, which significantly hinders their large-scale application due
to their high-cost. Thus, the development of catalysts based on non-noble, low-cost
materials is vital in order to promote the industrial development of HER/OER.19 Twodimensional (2D) materials display unique anisotropic characteristics, which can be used
to improve the properties of both secondary batteries and HER/OER. 20, 21 For instance, 2D
materials show much promise in LIBs, SIBs and LSBs, due to the fast ion transport
pathway between layers and large redox reaction area at the surface.22 Recently, the novel
2D materials BP and phosphorene have attracted intensive research attention in the energy
field, taking advantage of a high theoretical capacity (2596 mA h g-1) and demonstrating
great lithium/sodium storage performance as an advanced negative anode material for
secondary batteries.23, 24 Additionally, phosphorene has been considered as a promising
electrocatalyst for water splitting, due to the high surface area, high carrier mobility, and
long charge-carrier diffusion pathways of the material.25

2.2

Introduction of Black Phosphorus

Black phosphorus is the most thermodynamically stable allotrope of elemental phosphorus
(i.e. white phosphorus, red phosphorus, violet phosphorus and black phosphorus). The
space group of bulk BP is Cmca. The unit cell contains 8 phosphorus atoms with lattice
constants of a=3.31 Å, b=4.38 Å and c=10.20 Å26, 27. The space between two phosphorene
layers is 5.3 Å 28, 29, greater than graphene, benefiting its application in secondary batteries.
Each phosphorus atom contains three 3p and two 3s electrons in the valance shell and bonds
with neighboring atoms via sp3 hybridization, resulting in phosphorene with a puckered
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structure. The puckered structure induces the anisotropy of lithium diffusion and other
properties on the phosphorene layer, making phosphorene a remarkable anode material in
secondary batteries and advanced catalyst of HER/OER.30 The promising development and
application potential of BP-based materials in electrochemical energy storage and
electrocatalysis has attracted great interest and accelerated research progress with
numerous published results in recent years. In the literature review of BP, the development
of BP-based materials in energy storage and hydrogen/oxygen generation devices will be
introduced, highlighting their application in secondary batteries, supercapacitors, and
HER/OER (Figure 2-1). First, we will summarize general preparation strategies of both
bulk BP and phosphorene. Next, we will review the development of BP-based materials in
secondary batteries, supercapacitors and HER/OER, and discuss the advantages,
challenges, and possible solutions of BP-based materials in those fields. Finally, we will
summarize the literature and give our perspective about the future development of BPbased materials.

Figure 2-1. The structure of black phosphorus and its applications for electrochemical
energy storage and hydrogen/oxygen evolution reaction
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2.2.1
2.2.1.1

Preparation Strategies of Black Phosphorus and
Phosphorene
Preparation Strategies of Bulk Black Phosphorus

Figure 2-2. (a) A cross-section view of cubic cell for BP growth of the high-pressure
method, Reproduced with permission31. Copyright © 1982 The Japan Society of Applied
Physics (b) A digital photograph of obtained BP crystal in silica ampoule via CVT method,
Reproduced with permission 32. Copyright © 2014 Elsevier B.V. (c) Schematic illustration
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of BP growth mechanism by CVT method, Reproduced with permission33. Copyright ©
2017 The Royal Society of Chemistry.

To date, several different methods have been developed to prepare single crystal BP, such
as a high pressure method34, chemical vapor transport (CVT) method35 and other synthesis
methods36, 37. This review will focus on the most common preparation methods (i.e. high
pressure and CVT methods).
In 1914, BP was first converted from white phosphorus (WP) by Bridgman under high
pressure. During this process, white phosphorus was used as a starting material and treated
under a moderate temperature of 200 °C and a high pressure of 1.2 GPa for 5-30 mins to
obtain BP. After around 20 years, the starting material, dangerous WP, was changed to red
phosphorus (RP) by Bridgman with shear stress in 193538, which allowed other researchers
to try different preparation methods. Afterward, the linear relationship between
temperature and pressure for the conversion from RP to BP was derived39. The fitting result
shows that the conversion from RP to BP occurs in about 10 min, T = T0 + αP, where T0 =
560 °C and α = −63.5 °C GPa-1 . With the development of high-pressure generation
instruments, the cubic or tetrahedral anvil provided a significant improvement for the
development of the high-pressure method. The anvil first helped synthesize single crystal
BP in 1981 by Shirotani and co-workers40. However, the limited space of the primary highpressure anvil restrained the size of obtained BP crystals. In 1982, Endo and co-workers
developed a method to grow high purity large scale single-crystal BP with a size of 4×2×0.2
mm3 (Figure 2-2a)31. During their preparation process, the pressure was first set to 10 kbar,
and then the temperature was increased to reach the melting point of BP under constant
pressure. Next, the temperature was slowly decreased to 600 °C at a rate of 0.5 °C/min.
Differential thermal analysis (DTA) showed that the transition from RP to BP started
during the heating process with the temperature range of 500 °C to 600 °C. In 2012, Sun
et al. investigated a cube-shaped pressure-transmitting medium and increased the size of
the synthesized bulk BP to 3 mm thick and 10 mm in diameter41. Along with the
development of the preparation process, the high-pressure method also presented the ability
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to control the morphology of the obtained BP. Li and co-workers reported a method to
synthesize flexible thin films of BP by an octahedron anvil cell42. Though the HTHP
method of BP growth has continued to develop in the past decade, the mechanism of the
structure change from RP to BP under high pressure was only recently clarified by Xiang
et al. in 2019 using in-situ Raman 43.
Inspired by the HTHP method, Park et al. and Cui et al. obtained nanocrystal BP by high
energy mechanical milling (HEMM) RP under the high pressure of 6 GPa44. Compared to
the HTHP method, the mechanical milling process drastically increased the yield of BP,
thus providing an avenue of further research for industrial applications which desire largescale preparation. Additionally, the grain size of the ball-milled BP is small due to the many
edge dislocations in the crystals during the further ball-milling process after the
transformation from RP to BP45. In addition to the HEMM process, a planetary ball-mill,
mixer mill, and shake mill can also successfully convert RP to BP46-50 . The mechanism of
BP growth by different ball-milling techniques was studied by Zhou et. al.51 The study
confirmed that a large instantaneous energy benefits the phase transition from RP to BP by
creating a local high energy intensity area. Furthermore, shake milling delivers the highest
mechanical energy among the different types of ball-milling techniques.
The CVT method is another large-scale synthesis method, which applies low-pressure,
low-temperature, and non-toxic processes. The CVT method was first reported by Prof.
Nilges’ group in 2007.35 Typically, a mineralizer, SnI4 , was sealed in a silica ampoule with
Sn, Au, and red phosphorus as starting materials. Then, the ampoule was heated to 823~923
K, maintained at this temperature for 5~10 days, and gradually cooled to room temperature
to obtain BP (Figure 2-2b). However, the practical applications of this method are limited
due to the ultra-long synthesis time. In addition, by-products including Au3SnP7, Sn3 P4, or
AuSn are found the on top of the obtained BP, which affects the purity level of the final
products, thus need to be mechanically separated. To address these issues, Prof. Nilges’
group further improved the BP preparation process, shortening the conversion time from
5~10 days35 to 70h under 923 K52 and successfully separating the by-product from the BP
naturally. They further reduced the cost of the synthesis process by replacing Au with Sn
as the starting material, which was mixed with SnI4 as mineralizer in the process32.
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Although Prof. Nilges’ group have developed several preparation strategies to realize a
low-cost and highly-efficient synthesis method of BP crystals, the cost of BP crystals is
still very high (around 600 USD/gram) due to the high cost of the mineralizer SnI4 and
high purity RP, which limits the application of BP in both academic and industrial
settings.53 In 2015, several groups began to modify the CVT strategy of BP preparation by
replacing high-cost SnI2 with different metallic mineralizers such as Sn and Pn, which
could help realize a cheaper synthesis process.54, 55, 56-58 Additionally, Li et al. confirmed
that the synthesized BP with low-purity RP (97% wt%) shows the same purity level and
crystal structure as the normal BP prepared with 99.99% RP, which drastically decreased
the cost of BP a hundredfold. 59
To further develop the preparation process, the study of the BP crystal growth mechanism
is of high importance. In 2017, Zhang and his co-workers demonstrated the growth
mechanism of BP preparation via a CVT method (Figure 2-2c).33 Based on their results,
several phases were considered to be key phases during the reaction, including crystalline
Hittorf’s (or monoclinic violet) phosphorus (HP), Sn24P19.8I8 and Sn4P3. In detail, RP, Sn,
and I2 reacted first to form Sn24P19.8I8 and Sn4P3. Then, the obtained intermediate products
released elemental P to form HP during the heating process. At the same time, Sn and I2
were separated and reacted with the excess gaseous RP again. When the conversion of RP
to HP finished, the residue Sn24P19.8I8 and Sn4P3 acted as a catalyst to push the
transformation of HP to crystalline HP. Furthermore, during the cooling process, the
crystalline HP spontaneously converted to BP under 475 °C. In their report, the interface
of HP and BP was also observed.
Currently, high pressure synthesis, ball-milling, and CVT methods are the three most
common strategies to prepare BP. Since the purity level, cost, and potential for large-scale
synthesis are three major factors when determining the possibility of practical application
of BP in the future, it is crucial to discuss these three methods. In terms of the growth
mechanism and procedure of BP, these three methods show different advantages and
drawbacks. Among the three methods, ball-milling and CVT are more likely to be used in
large-scale industrial synthesis processes in the future because of the difficulty of applying
high pressure on a large amount of material. Regarding the purity level of the final BP
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crystal product, it is easy to get high elemental purity BP with the HTHP and ball-milling
compared to the CVT method, as high-purity RP acts as the starting material in HTHP and
ball-mill methods. However, it is difficult to compare the weight content of residual RP in
the final BP product. RP is always amorphous, thus the signal intensity is too low for
traditional characterization methods (e.g. XRD, Raman), which makes it difficult to
demonstrate the existence of RP. Therefore, other advanced characterization methods such
as synchrotron techniques should be used to solve this problem.60, 61 Regarding the cost of
BP, the raw materials are critical, however, it is difficult to lower the cost of raw materials
when using the high pressure or ball-milling method as the impurities in the raw material
cannot be separated from the final BP product during the growth process.

2.2.1.2

Preparation Strategies of Phosphorene

Compared to other 2D materials such as graphene and transition metal dichalcogenides
(TMD), BP-based materials show promising potential for application in nanophotonics,
nanoelectronics, and energy devices due to their unique properties, thickness-dependence,
and anisotropic characteristics.30 BP shows a tunable direct band gap directly related to the
number of layers. Therefore, it is crucial to synthesize mono-/few-layer BP (defined as
phosphorene) with controlled size to realize its practical application in the future.62 Until
now, several methods have been used to exfoliate bulk BP to phosphorene, such as
mechanical exfoliation, liquid phase exfoliation (LPE), electrochemical exfoliation,
thermal annealing, and chemical vapor deposition. All the methods can be divided into two
main procedures; top-down and bottom-up strategies.63 The top-down strategy always uses
mechanical exfoliation or liquid-phase exfoliation to extend the bi-layer distance and
separate the neighboring layers to obtain phosphorene. The bottom-up strategy has been
widely applied to prepare other 2D materials, such as graphene,64 TMD thin films,65 and
h-BN.66
Inspired by the preparation of graphene by mechanical exfoliation (i.e. repeated peeling),67
the first approach to prepare phosphorene was mechanical cleavage, which was reported
by Liu and his co-workers in 201468. In general, tape was used to transfer phosphorene
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from bulk BP onto Si/SiO2 substrate (Figure 2-3a). Then, the obtained phosphorene was
washed with several organic solvents and heated under 180 °C to remove the tape and
solvent residues. This method is an efficient and simple way to exfoliate BP directly.
However, it also has several drawbacks which hinder its large-scale application, such as
low-yield, poor thickness control, and phosphorene degradation under ambient conditions.
To address these issues, Gomez and co-workers introduced a viscoelastic stamp as an
intermediate substrate before using a Si/SiO2 substrate to increase the yield of
phosphorene.69 Moreover, to obtain mono-layer phosphorene, Lu and co-workers
introduced an Ar+ plasma method to thin down the phosphorene sheets.70 Most recently,
Jeong and co-workers precisely controlled the thickness of phosphorene by using a facile
thermal etching method after transferring phosphorene onto a substrate (Figure 2-3b).71 By
controlling the etching temperature and time, the thickness of the exfoliated phosphorene
could be reduced (Figure 2-3b, 2-3c and 2-3d). This method can avoid surface degradation
of phosphorene during thermal and etching under ambient atmospheric conditions.
Although the development of mechanical cleavage of phosphorene has been rapidly
improving, the method is yet to meet the demand of practical applications due to the low
yield obtained. Additionally, the use of tape and organic solvents induces contamination
on the phosphorene surface, which further hinders its application. Furthermore, a substrate
is always required to support the phosphorene in this process.72
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Figure 2-3. (a) Schematic illustration of tape exfoliation of phosphorene, Reproduced with
permission73, Copyright © 2018 American Chemical Society. (b) Schematic illustration
of phosphorene thinning process by thermal treatment. (c) AFM images and (d) thickness
profiles of phosphorene before and after 250 °C thermal treatment. (e) Etched thickness of
exfoliated phosphorene vs etching time under 150 °C, 200 °C and 250 °C of thermal
treatment, respectively. (b ~ e) Reproduced with permission,71 Copyright © 2019 IOP
Publishing.
Compared to mechanical exfoliation, liquid-phase exfoliation has reported relatively
higher yields and thus is a potential industry-scale method to prepare phosphorene (Figure
2-4a ~ 2-4e). Generally, bulk BP was first immersed and dispersed into a solvent. The
solvent and ions intercalate between the layers of BP, expanding the layer distance and
weakening the Van der Walls forces during sonication or shearing processes. Then,
agitation induced by sonication or shear force can be used to open up the layers to obtain
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thin film phosphorene.74, 75 High-speed centrifugation is then used to separate phosphorene
with different thicknesses and layer numbers. The first report of LPE in BP preparation
was published in 2014 by Brent and co-workers, in which BP was exfoliated by bath
sonication for 24h in one solvent N-methyl-2-pyrrolidone (NMP)75. Afterward, various
solvents were applied in LPE of BP, including dimethylformamide (DMF)76, dimethyl
sulfoxide (DMSO)76, N-cyclohexy1-2-pyrrolidone (CHP)77, and acetone78,

. In 2011,

79

Coleman and co-workers studied the exfoliation efficiency using 25 types of solvent on
LPE of various 2D materials80 . The result demonstrated that solvents with surface tension
35-40 mJ/m2 had the highest exfoliation rate because these solvents can minimize the
exfoliation energy. Thus, it is considered that NMP and DMF, with surface tensions close
to 35-40 mJ/m2, are good solvents to exfoliate BP. In 2015, experimental studies of the
solvents used for BP exfoliation began. Kang and co-workers exfoliated BP using tipsonication in seven organic solvents including acetone, chloroform, hexane, ethanol,
isopropyl alcohol (IPA), DMF, and NMP81. They found that the concentration of BP
increased with the surface tension, and NMP is identified to be the optimal solvent to obtain
stable phosphorene by LPE (Figure 2-4f and 2-4g). Woomer and co-workers then
extended this study to 18 solvents and found that benzonitrile can produce the highest
concentration of BP before and after centrifugation.82 Particularly, NMP is a widely used
solvent for BP exfoliation since it can produce a highly concentrated phosphorene solution
using a facile and low-cost procedure. Along with traditional organic solvents, sonication
with several ionic liquids (IL) has also been reported to efficiently exfoliate bulk BP to
phosphorene.83 Moreover, the obtained phosphorene solution shows a very high
concentration (i.e. up to 0.95 mg mL-1) when using 1-hydroxyethyl-3-methylimidazolium
trifluoromethansulfonate. While a highly concentrated phosphorene solution has already
been prepared using organic solvents and ILs, another important factor that requires
consideration is the residue of organic solvents and ionic liquids, which can further hinder
the practical application phosphorene. To avoid using these two media, Chen and coworkers fabricated a water-based LPE procedure to prepare phosphorene, demonstrating
that water does not react with BP directly.84 Thus, water based LPE of BP is a remarkable
method which can meet various applications if the oxygen in water can be removed
efficiently. Zhang and co-workers have confirmed that deoxygenated water can be used as
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a solvent to exfoliate bulk BP by producing phosphorene stored in deoxygenated water,
demonstrating negligible degradation after several days.85 The details of phosphorene
degradation will not be discussed in this section. Finally, additives also play important roles
during LPE of BP. It has been reported that the assistance of additives in both organic
solvent and aqueous environments can produce more stable and higher yield phosphorene.
86, 87

Figure 2-4. Schematics illustration of (a) LPE process to prepare, (b) AFM and (c) TEM
images of exfoliated phosphorene by LPE process. (a ~ c) Reproduced with permission, 86
Copyright © 2019 Elsevier B.V. or its licensors or contributors. Digital Photographs of (d)
tip-sonication equipment and (e) phosphorene dispersed in NMP solvent before, after 5000
rpm and 15000 rpm centrifuging, respectively. BP concentration vs (f) boiling point and
(g) surface tension of various solvents, respectively. (d ~ g) Reproduced with permission
81,

Copyright © 2015 American Chemical Society.
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Since the sonication and shearing process introduces defects and makes it difficult to
control the morphology of phosphorene, other strategies have been developed. Among
these strategies, electrochemical exfoliation has shown to be a good method to produce
phosphorene through intercalating ionic species into the space between layers under an
electrochemical bias.88 Ambrosi and

co-workers89 demonstrated the electrochemical

exfoliation of bulk BP in H2 SO4 solution using a Pt foil as the counter reference. The
obtained phosphorene product showed good quality, thus this exfoliation strategy shows
promising potential to control the exfoliation quality and efficiency. To date, the developed
mechanical and liquid-phase exfoliation strategies lack of capacity to control the
morphology of obtained phosphorene, while the phosphorene nanoribbon, nanotubes were
theoretically predicted to show extraordinary properties.90,

91

Most recently, Howard’s

group92 demonstrated the production of phosphorene nanoribbons using a ionic scissoring
strategy by intercalating lithium ions into the bulk BP layers and then immersing the
intercalated BP into an aprotic solvent, resulting in the exfoliation of BP. The obtained
phosphorene nanoribbons presented typical aspect ratios of up to 1,000. This type of
delicate morphology control of phosphorene is very important in order to realize the unique
properties of phosphorene and make it a promising material for electrochemical energy
applications.

2.2.2
2.2.2.1

Electrochemical Energy Storage Applications of Black
Phosphorus
Rechargeable Batteries

Transitioning from fossil fuels to renewable energy sources is a promising solution to meet
the rising global energy demand and lessen environmental pollution.2 Rechargeable
batteries are can effectively store chemical energy and release electric energy upon
demand, making them good devices for renewable energy storage93-95. Furthermore,
rechargeable batteries such as LIBs, have been widely used as primary energy storage
devices in electric vehicles (EVs) and many of the future next-generation technologies will
likely rely on rechargeable batteries.96 To further improve the energy density and working
life of rechargeable batteries, advanced electrode materials with high capacity and cycling
stability are needed. BP and 2D phosphorene have been used to prepare advanced anode
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materials in lithium ion batteries (LIBs), sodium-ion batteries (SIBs) and as a separator
layer to prevent the polysulfide shuttle effect in lithium-sulfur batteries (LSBs).

2.2.2.1.1

Lithium-ion Batteries

Lithium-ion batteries (LIBs) are one of the most popular rechargeable batteries used in
electric power tools, hybrid EVs or EVs and large-scale energy devices, showing
advantages of high storage capacity, good cycling performance, and high energy density.5
Traditional LIBs are composed of three components; the anode, cathode, and electrolyte.
In a LIB, lithium ions travel between the cathode and anode through the electrolyte, while
electrons travel via an external circuit. The energy density and cycle life of LIBs are mainly
determined by the transfer performance of ions and electrons between the two electrodes.
Thus, developing new and advanced electrode materials is crucial to improve the
electrochemical performance of current LIBs.
BP as a novel 2D material has been considered to be a good alloy-type anode material in
LIBs, due to its high theoretical capacity (2596 mA h g-1)97 and high carrier mobility76.
Compared to the electrically insulating red phosphorus (RP), BP shows much better
electrical conductivity which increases the electrochemical performance of LIBs.98 The
reversible reaction of a BP anode material during discharge/charge is confirmed to be BP
↔ LixP ↔ LiP ↔ Li2 P ↔ Li3P, which provides a much higher theoretical capacity (2596
mA h g-1) compared to current commercial graphite-based anode materials.44 Nevertheless,
the capacity of BP-based anode materials decays rapidly in the initial cycles. Like other
alloy-type anode materials, such as Si, Ge, and Sn, rapid capacity degradation is due to two
major issues: 1) The volume of BP expands nearly 300% during charge and discharge,
leading to the pulverization and separation of active materials from the current collector;
2) The electronic conductivity of BP is still insufficient to realize high capacity cycled at
high current densities in LIBs.99 Like the Si anode which faces similar issues during
cycling, it is rational to prepare downsized BP composite materials.100 Sun and co-workers
reported using BP particles that are several micrometers in size, generated by a highpressure method, as an anode material in LIBs41. The results showed that the highest initial
discharge/charge capacity of BP particles prepared from WP (WBP) was 2505/1354 mA h
g-1 at 4 GPa/400 °C. For BP generated from RP (RBP), the highest discharge/charge
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capacity was 2649/1425 mA h g-1 at 4.5 GPa/800 °C under a current density of 50 mA g-1.
However, both of the obtained BP particles showed fast capacity decay during cycling.
Chen and co-workers reported a similar electrochemical cycling performance for BP/RP
mixed particles that were several micrometers in size

101

. RP acted as starting material to

prepare BP using ultrasonic cell smash, but without 100% conversion ratio. The final
product was composed of both BP and RP, denoted as BP/RP hybrid. The hybrid presented
the initial charge capacity of 1400 mA h g-1 at 50 mA g-1, which decreased to 491 mA h g1

after 100 cycles. These two results indicated that BP particles that are several micrometers

in size are too large to prevent cracking and pulverization induced by huge volume change
during cycling. It was found that the issue regarding fast capacity decay could be partially
solved by introducing a carbon substrate. Jiang and co-workers directly grew BP
micrometer particles onto carbon paper (CP) by a CVD method102. The obtained BP-CP
composite maintained a reversible capacity of 1677.3 mA h g-1 at a current density of 0.1
C, 75.58% of the first charge capacity. However, the BP-CP composite showed large
capacity decay during the initial cycles. Therefore, the size of BP particles should be
decreased to the nanometer level, which can help maintain structural stability during
cycling.103

23

Figure 2-5. (a) Schematic illustration of BP-G composite. (b) Scanning electron
microscope (SEM) and (c) High-resolution transmission electron microscope (HRTEM) of
BP-G composite. (d) Cycling performance and (e) rate performance of BP-G composite.
CP and CP/G are for the specific capacity calculated based on the weight of BP and BP-G
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composites, respectively. Reproduced with permission,104 Copyright © 2014 American
Chemical Society.

To further downsize BP particles to the nano-size, a ball-milling method was introduced.
In 2007, Park and Sohn fabricated a BP-carbon composite by milling RP with super P using
a high energy mechanical milling (HEMM) technique44. Although the HEMM process was
carried out under ambient temperature and pressure, it generated up to 200 °C and 6 GPa
inside the milling jar. RP converted to BP during the milling process and BP-carbon
composite was prepared after the ball milling process, which showed high initial
discharge/charge capacity of 2010/1814 mA h g-1 cycled at a current density of 100 mA g1

, as well as a remarkable initial coulombic efficiency (ICE) of 90%. This composite

showed great cycling stability, but limited capacity when cycled between 0.78 V and 2.0
V, and fast capacity decay when cycled between 0 V and 2.0 V. This meant that the fully
discharged and charged states led to the cracking and pulverization of BP anodes during
cycling.
To further improve the cycling stability of BP-carbon composites with higher capacity,
bonding between BP and carbon substrate is required. Sun and co-workers104 prepared
nanosized BP particle-graphite composite (BP-G) with P-C bond using the HEMM
method. The P-C bond stabilized the structure and thus improved the electrochemical
performance (Figure 2-5a, 2-5b and 2-5c). As shown in Figure 2-5d & 2-5e, the obtained
BP-G composite shows a high reversible capacity of 1849 mA h g-1 after 100 cycles with
a low capacity decay rate (i.e. 0.25 % per cycle) and improved rate performance, which
was calculated based on the weight of BP.
In addition to BP nanosized-particle-composite nanoparticles, phosphorene is also
considered as a promising candidate for advanced anode materials in LIBs, owing to the
nanosized effect in one dimension.105 Based on theoretical studies106, 107, the application of
phosphorene as an anode material in LIBs shows many advantages: 1) Li atoms can bind
strongly with phosphorus atoms during cycling; 2) The diffusion of Li along the zigzag
direction of phosphorene is 102 and 104 faster compared to other 2D materials such as MoS2
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and graphene, respectively, which creates an ultrafast pathway during charge/discharge; 3)
The volume expansion of phosphorene during cycling is much lower than that of BP,
especially, 0.2% along the x axis for monolayer phosphorene; 4) A semiconductor to metal
transition of phosphorene occurs when lithium inserts into the phosphorene layer, resulting
in a higher electrical conductivity. Due to these various advantages, phosphorene has
already demonstrated a superior cycling performance compared to that of BP particles.
Castillo and co-workers108 exfoliated BP in a low-boiling-point solvent, acetone, to avoid
the influence of solvent residue on the electrochemical performance, showing a reversible
specific capacity of 480 mA h g-1 at 0.1 A g-1 after 100 cycles. Moreover, Zhang and coworkers109 created holey phosphorene nanosheets from RP by a chemical-based
solvothermal reaction. The holey defects on phosphorene nanosheets provide short
pathways for both Li ions and electrons, resulting in a steady reversible capacity of 1683
mA h g-1 at a current density of 0.2 A g-1 and 630 mA h g-1 at high current density of 20 A
g-1.

Figure 2-6. (a) Schematic illustration of synthesis process and structure of G-BPGO
composite. (b) SEM and corresponding EDX elemental mapping of (c) C-K edge and (d)
P-K edge of BPGO. (e) Cycling performance columbic efficiency of G-BPGO film
compared with BPGO. Reproduced with permission,110 Copyright © 2017 Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim.
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Though the literature shows that phosphorene is a potentially better anode material than
bulk BP, many challenges still need to be addressed: 1) It is still difficult to precisely
control the layer number of phosphorene (e.g. one or two layers) in practical applications
and thus, the volume expansion of the material is still a critical factor to be considered,
which increases rapidly from 0.2% with the layer number106. Furthermore, the volume
expansion along the y and z-axes is considered to be the crucial reason for the capacity
decay of LIBs; 2) The band gap of phosphorene drastically increases to 2.13 eV from bulk
to monolayer, leading to a decrease of the electrical conductivity and negative effect on
rate performance; 3) Phosphorene exhibits higher air-sensibility than bulk BP due to the
quantum size effect.111,

112

To solve these problems, recent studies have reported a

phosphorene-graphene “sandwich” structure, which shortens Li-ion diffusion distance
along the phosphorene layer and provides efficient transfer pathways for electrons through
the graphene layer. Furthermore, the graphene layer acts as an elastic buffer to
accommodate the stress resulting from the large volume change of phosphorene during
cycling. Liu and co-workers110 synthesized a graphene coated-BP/RGO nanosheet hybrid
(G-BPGO) thin film by a vacuum filtration method (Figure 2-6a, b, c). P-C and P-O-C
bonds were introduced to stabilize the phosphorene structure. Moreover, additional RGO
layers were used to cover both sides of the BPGO to prevent cracking of the electrode
materials. By protecting the “sandwich” structure, the G-BPGO thin film delivered a higher
capacity of 1401 mA h g-1 at 0.1 A g-1 after 200 cycles, compared with BPGO thin film
(Figure 2-6d). To address the issues of phosphorene

degradation under ambient

environmental conditions, Zhang and co-workers113 prepared a phosphorene-graphene
(PG) composite paper by treating phosphorene-graphene oxide composite (PGO) paper
through spark plasma sintering (SPS). After the SPS process, graphene oxide was reduced
to reduced graphene oxide (rGO), which helped maintain fast electron transfer along the
rGO substrate. Moreover, the SPS process also removed the possible adsorbed moisture
and oxygen at the interface of the phosphorene and graphene, avoiding further degradation
of phosphorene. In addition, the stacking of phosphorene and graphene was enhanced
during the treatment, and hence, water and oxygen could not insert into the phosphorenegraphene layer and react with those two materials (Figure 2-7a). Owing to these unique
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properties, the treated PG-SPS composite maintained 823 mA h g-1 at 100 mA g-1 after 60
days of air exposure, while the PG composite without SPS treated only displayed 353 mA
h g-1 under the same conditions (Figure 2-7b).
Based on the results discussed above, it is concluded that graphene can protect phosphorene
from pulverization and enhance the electrical conductivity of the composite. However, the
introduction of graphene can also reduce the overall capacity because of its relatively low
capacity. Regarding this issue, Zhang and co-workers114 prepared composite anode
materials by coating aligned poly(3,4-ethylenedioxythiophene) (PEDOT) onto the surface
of exfoliated phosphorene, denoted as E-BP/PEDOT (Figure 2-7c, 2-7d and 2-7e). The
aligned PEDOT provided an electrically conductive network on the surface of phosphorene
and created a super-wettable surface for the electrolyte (Figure 2-7f and 2-7g),
maintaining a high reversible capacity of 1092 mA h g-1 after 100 cycles when cycled at
100 mA g-1, which is much higher than that without PEDOT modification (Figure 2-7h).

Figure 2-7. (a) Cross-sectional SEM images of PG-SPS and PG. (b) Cycling performance
of PG-SPS and PG after exposure in air for 60 days. (a-b) Reproduced with permission,113
Copyright © 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (c) Schematic
of the synthesis process of E-BP/PEDOT. (d) Transmission electron microscope (TEM)
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and (e) HRTEM of E-BP/PEDOT. Photographs of wetting properties of (f) E-BP and (g)
E-BP/PEDOT. (h) Cycling performance and columbic efficiency of E-BP/PEDOT
compared to E-BP. (c~g) Reproduced with permission114, Copyright © 2017 Elsevier Ltd.

2.2.2.1.2

Sodium-ion Batteries

Sodium-ion batteries (SIBs) are an emerging battery technology showing great potential to
replace LIBs, due to the highly abundant nature and low cost of sodium.115 Similarly to
LIBs, the electrode materials play a crucial role for the electrochemical performance of
SIBs. Significant progress has been made to develop cathodes with high capacity by using
materials such as metal oxides, polyanionic compounds, and Prussian blue.116 At the anode
side, carbonaceous, alloy-type, and oxide anode materials have been developed to fabricate
negative materials for full SIBs.115, 117 In particular, phosphorous-based anodes, especially
black phosphorus-based anode materials, show a promising potential in SIBs, as they have
the highest theoretical capacity (2596 mA h g-1) among all the current anode materials.118,
119

Based on theoretical studies, BP and phosphorene have a sufficient interlayer distance

(3.08 Å) for Na ions to intercalate, which makes them a good anode material in SIBs. 23
Additionally, BP-based anode materials demonstrate ultrafast diffusion of Na ion along the
zigzag direction of BP, strong binding between Na ions and phosphorus atoms,
semiconductor to metallic transformation during cycling, and higher electrical conductivity
compared to RP.120
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Figure 2-8. (a) Schematic illustration of BPC structure. (b) Cycling performance of BPC
at 1.3 A g-1. (c) SEM and corresponding energy-dispersive X-ray spectroscopy (EDX)
elemental mapping of (d) C-K edge and (e) P-K edge. Reproduced with permission,121
Copyright © 2016 American Chemical Society.

When used as anodes for SIBs, BP-based materials also face several challenges similar to
those for LIBs, including large volume expansion (i.e. ~ 400 %, even bigger than that of
LIBs), poor air stability, and poor electrical conductivity. To date, preparing downsized BP
composite materials has been reported as an efficient way to overcome those challenges.
Xu et al.121 prepared a composite of black phosphorus/ketjenblack-multiwalled carbon
nanotubes (BPC) with a ratio of 7 : 2.5: 0.5 via a high energy ball-milling method (Figure
2-8a). During the ball-milling process, Ketjenblack with high surface area uniformly
distributed onto the surface of the nano-sized black phosphorus particles, acting as a buffer
layer during cycling and thus improving the electronic conductivity of the materials
(Figure 2-8c, 2-8d and 2-8e). Additionally, the introduction of multiwalled carbon
nanotubes also provided a conduction network which improved the stability of materials.
Hence, the as-prepared BPC showed an excellent electrochemical performance with a
capacity of 1700 mA h g-1 after 100 cycles at a high current density of 1.3 A g-1 in a SIB
system (Figure 2-8b).
In addition to the bulk BP/carbon composite, the “sandwich” structure containing
phosphorene and graphene is another well-designed structure that can solve the issues that
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arise from applying a BP-based anode material in SIBs (Figure 2-9a and 2-9b). Sun and
co-workers23 reported a phosphorene-graphene hybrid material prepared by a sonication
method, which provided a short diffusion distance for sodium ions along phosphorene and
a highway for electrons along the graphene layer. Additionally, the graphene layer acted
as a buffer layer to accommodate the large volume change which occurs during cycling
and also improved the electrical conductivity of the system. Interestingly, they mentioned
that the structure could prolong the x and y channels to 3.7 and 5.6 Å, indicating that the
channels in phosphorene have opened to allow for fast sodium-ion diffusion. As a result,
the BP-based anode materials show a high capacity of 2080 mA h g-1 at 0.02 C which has
been calculated based on the capacity contribution of BP after 100 cycles and remarkable
cyclability under high currents, including 3 C and 10 C for SIBs (Figure 2-9c). Liu and
co-workers122 further developed the method by modifying phosphorene with 4nitrobenzene-diazonium (4-NBD) to create bonding between phosphorene and the
graphene layer and further improve the structural stability and thus the electrochemical
performance of the cell. The sandwich structure of reduced graphite oxide and modified
phosphorene (4-NBD/RGO/BP) was prepared in NMP solution to form P-C and P-O-C
bonds. The bonds can maintain the stability of black phosphorus and further open the
channel between layers for sodium-ion diffusion. Thus, the anode materials show a
capacity of 1472 mA h g-1 at 0.1 A g-1 after 50 cycles. Most recently, a binder-free BP/rGO
composite anode was prepared using a high-pressure method followed by flash-heattreatment method by Liu and co-workers (Figure 2-9d and 2-9e).123 The obtained material
can be used directly as an anode for SIBs without carbon black or polymer binders,
providing high capacity retention of 92.5% after 100 cycles and a remarkable capacity of
640 mA h g-1 at ultrahigh current density of 40 A g-1 (Figure 2-9f).
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Figure 2-9. (a) Schematic of phosphorene-graphene “sandwich” structure. (b) TEM and
HRTEM of phosphorene-graphene composite. (c) Cycling performance of phosphorenegraphene composite at current density of 0.02C, 3C and 10C, respectively. Reproduced
with permission,124 Copyright © 2015 Macmillan Publishers Limited. (d) Schematic of
BP/rGO preparation process. (e) Side-view SEM image of BP/rGO. (f) Cycling
performance of BP/rGO composite at high current density of 1 A g-1 and 40 A g-1.
Reproduced with permission,123 Copyright © 2018 American Chemical Society.
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Along with the structural design and fabrication of BP-based anodes, electrolytes and
binders have also been shown to greatly influence the electrochemical performance of
SIBs. Dahbi and co-workers112 studied the effects of the electrolyte and binder on BP-based
anode materials used in SIBs, demonstrating that NaPF6 with fluoroethylene carbonate
(FEC) or vinylene carbonate (VC) can provide a more stable electrochemical performance,
in comparison to using an additive-free electrolyte. Additionally, the stability of BP anode
materials can also been improved by adding nonfluorinated binders, such as poly(sodium
acrylate) (PANa) and sodium carboxymethyl cellulose (NaCMC).

2.2.2.1.3

Lithium-sulfur Batteries

Lithium-sulfur batteries are a promising candidate to replace LIBs, due to their high
theoretical capacity (~2600 mA h g-1) and the large abundance of sulfur.125 In a typical
LSB, the cathode is composed of sulfur, while the anode consists of lithium-metal. The
complete redox reaction which occurs during cycling is S8 + 16Li ↔ 8Li2S. There are
several issues which arise from this redox reaction, which limits the practical application
of LSBs: 1) Polysulfide intermediates which are soluble in the electrolyte form during
cycling and shuttle back and forth from the cathode to the anode (“shuttle effect”), resulting
in the irreversible loss of active sulfur and capacity decay; 2) The electrical conductivity
of sulfur is low, resulting in the poor utilization of active sulfur during cycling; 3) Sulfur
anode materials suffer from large volume change (~80%) during cycling and repeated
volume change leads to the separation between the active materials and current collector.13
To solve these issues, several strategies have been carried out, such as surface coating,126,
127

fabrication of carbon-sulfur composites,128,

129

and the introduction of absorbing

materials.130, 131
Theoretically, phosphorene is considered to be an effective absorbing material in LSBs.132
Li and co-workers133 incorporated few-layer phosphorene with a porous carbon nanofiber
network (FLP-CNF) to encapsulate sulfur for use as a cathode material in LSBs, enhancing
the binding of polysulfides to the carbon network (Figure 2-10a and 2-10b). The structure
and binding energy of polysulfides absorbed by phosphorene were also determined by a
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DFT calculation. The binding energy between lithium polysulfides and phosphorene is in
the range of 1~2.51 eV, which is higher than traditional carbon networks (~0.5 eV). This
indicates that phosphorene can anchor the lithium polysulfides during cycling and prevent
the shuttle effect. Additionally, few-layer phosphorene showed great catalytic effects
during the redox reactions of S/Li2S, lowering the electrode polarization. FLP-CNF
modified sulfur cathode presented a remarkable electrochemical performance of 660 mA
h g-1 with 0.053% capacity fade per cycle at 0.2 C. Sun and co-workers134 prepared a
separator coated with phosphorene by a vacuum filtration method in LSBs (Figure 2-10c).
Similarly, the phosphorene-coated separator demonstrated both catalytic and entrapping
effects of the polysulfide intermediates, resulting in a higher capacity of 800 mA h g-1 and
higher capacity retention of 86% at 0.4 A g-1 after 100 cycles compared with a graphene
modified and pristine separator (Figure 2-10d).

Figure 2-10. (a) SEM image and (b) schematic structure of FLP-CNF electrode, DFT
calculated structure of phosphorene binding with lithium polysulfides and corresponding
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binding energy compared with carbon and lithium polysulfides. (a, b) Reproduced with
permission,133 Copyright © 2016 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim
(c) Schematic structure of LSBs with commercial separator (left) and BP coated separator
(right). (d) Cycling performance of LSBs with BP modified separator in comparison with
graphene modified and pristine separator. Reproduced with permission,134 Copyright ©
2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

2.2.2.2

Supercapacitor

Supercapacitors are another type of electrochemical energy storage device that boasts a fast
charge/discharge rate, long cycling life and high power density, attracting intensive
research attention in the energy storage systems.135. Typically, materials with a large
surface area are required for the electrodes in supercapacitors owing to the original
electrosorption of ions on surface of those electrodes. Recently, phosphorene has displayed
great potential as electrode materials for supercapacitors, due to its large surface area and
high ion mobility. For instance, Hao and co-workers synthesized a BP all-solid-state
supercapacitor (BP-ASSP) with PVA/H3PO4 gel as the electrolyte79. Due to the utilization
of 2D material in electrodes, the device is flexible, showing high capacitance of up to 13.75
F cm-3 at 0.01 V s-1 and long cycling stability of over 30 000 cycles.

2.2.2.3
2.2.2.3.1

Electrocatalysts
Hydrogen Evolution Reaction

The rising global energy demand and on-going environmental pollution caused by fossil
fuel combustion are critical problems which have attracted the interest of scientists around
the world, in order to develop alternative clean energy sources. Hydrogen is considered as
a potential clean energy source that can replace fossil fuels, as it is eco-friendly and exhibits
a high mass energy density.136, 137 To date, one common approach to produce hydrogen is
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through electrocatalytic water splitting via a catalyst. However, current commercial
catalysts are mainly based on noble-metals such as Pt and Pd, which are very expensive,
limiting the large-scale industrial application of HER. Therefore, non-precious-metal
catalysts with high energy conversion efficiency and working stability must be developed
in order for hydrogen to be realized as an alternative energy source.19, 138, 139
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Figure 2-11. TEM image of (a) Ni2 P/BP, (c) Co2P/BPcatalysts and (d), (e) corresponding
HRTEM images of areas in (c). Linear sweep voltammogram (LSV) curve of (b) Ni2 P/BP
and (f) Co2P/BP catalysts for HER compared with BP and Pt/C. (g) HRTEM image of
MoS2-BP catalyst140 and (h) its LSV curve compared with BP, MoS2/C and Pt/C catalysts.
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(a, b) Reproduced with permission,141 Copyright © 2016 Hydrogen Energy Publications
LLC. (c~f) Reproduced with permission,142 Copyright © 2018 Wiley-VCH Verlag GmbH
& Co. KGaA, Weinheim. (g, h) Reproduced with permission,140 Copyright © 2017
American Chemical Society.

Non-precious metals such as Ni and Co have been widely used as materials for HER
electrocatalysts.143 Furthermore, 2D materials which exhibit unique properties have also
been used as electrocatalytic active materials or substrates in order to realize high HER
performance.144-146 In particular, BP has been applied as an advanced substrate to distribute
non-precious-metal based materials. The agglomeration of active materials of the HER can
be suppressed by black phosphorus, thus providing more catalytic active sites in the
composite. Moreover, BP can also increase the electron transfer efficiency due to its high
electrical conductivity. Lin and co-workers grew Ni2P nanoparticles on 2D layered BP
(Figure 2-11a), which enhanced the HER catalyst performance, lowering the overpotential
to 185 mV (Figure 2-11b) to reach the current density of 10 mA cm-2 in 0.5 M H2SO4 .141
Similarly, Wang and co-workers142 demonstrated the growth of Co2P on the defects of BP,
improving the active sites and electrical conductivity of the composite (Figure 2-11c, d
and e). The obtained material exhibited remarkable HER catalyst performance in both
acidic and basic environments. The onset overpotential of BP/Co2P was 105 mV in 0.5 M
H2SO4 and 173 mV in 1.0 M KOH. The overpotentials of BP/Co2 P to achieve 100 mA cm2

in acid and base solutions are 340 mV and 336 mV, respectively (Figure 2-11f). Zeng’s

group140 showed the promising potential of using BP to enhance the electrocatalytic
performance of MoS2 (Figure 2-11g). Combining with BP, MoS2 can gain more electrons
due to its Fermi level being lower than that of BP, thus the intrinsic exchange current
density of MoS2 can be improved. The material shows an overpotential of 85 mV at 10 mA
cm-2 , which is lower than those of MoS2/C and BP (Figure 2-11h).
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2.2.2.3.2

Oxygen Evolution Reaction

The oxygen evolution reaction (OER) occurs at the anode part of the fuel cell and typically
uses noble-metal oxides (RuO2 or IrO2) as catalysts. Similar to those for the HER, these
catalysts are expensive, limiting their practical application, thus low-cost catalysts are in
great demand.17, 146 BP is considered to be a promising electrocatalyst of OER due to the
relatively high carrier mobility and electrical conductivity of the material. Different from
the utilization of BP as substrates for HER, BP has been reported to be directly used as an
OER catalyst by Jiang and co-workers147. In their work, RP was first deposited on the
surface of an OER-inactive Ti foil and then converted to bulk BP, showing an onset
potential of 1.48 V in 1 M KOH.

Figure 2-12. (a) SEM image of BP-CNT catalyst and (b) its polarization curve compared
with that of RP and CNT catalysts (a, b) Reproduced with permission,147 Copyright © 2016
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (c) The schematic structure of Tedoped BP. (d) SEM and (e) corresponding EDX spectra of Te-doped BP nanosheets. (f)
Polarization curves of Te-doped BP nanosheets and undoped BP nanosheets. (c~f)
Reproduced with permission,148 Copyright © 2018 American Chemical Society.
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However, the OER performance of BP is limited by the poor active sites of bulk BP
materials. To date, several strategies including thickness reduction and composite design
of BP have been reported to enhance the performance. After confirming the OER activity
of BP, Jiang and co-workers147 also prepared BP in a matrix of CNTs to improve the
number of active sites from BP (Figure 2-12a). Owing to the unique structure, the BPCNT composite showed a lower Tafel slope of 72.88 mV dec-1 in comparison to RP, CNTs,
and BP-Ti (Figure 2-12b). Few-layer phosphorene was also prepared by Ren and coworkers using LPE strategies to reduce the thickness of bulk BP and improve the number
of active sites149. Compared to the bulk BP, the few-layer phosphorene lowered the onset
potential in 1 M KOH solution to 1.45 V.
Along with the morphology modification of BP, heteroatom-doping has been confirmed to
be a good way to improve the OER catalytic performance by tuning the band structure.
Zhang and co-workers148 reported a Te-doped BP with atomic dopant ratio up to 0.5%
(Figure 2-12c, d and e). The Te-doped BP showed a lower onset potential of 1.49 V in 1
M KOH for OER in comparison to undoped BP (1.63 V) due to the electron modulation
caused by the Te dopant (Figure 2-12f).

2.2.2.4

Conclusion and Perspective

This review summarizes the preparation and electrochemical applications of both bulk BP
and phosphorene. BP and phosphorene show much promise as novel materials for various
energy storage devices and hydrogen/oxygen generation. For instance, BP/phosphorene
has great potential to further improve the overall capacity and energy density of LIBs/SIBs,
due to their high theoretical capacity. Furthermore, 2D phosphorene can help provide more
catalytic active sites for HER/OER, which can enhance electrocatalytic activity and the
evolution efficiency of hydrogen. Although many efforts have been made to study the
preparation, protection, and application of BP and phosphorene, challenges still need to be
addressed before these materials can be used in practical applications.
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The first preparation method of black phosphorus was a high-pressure method, which can
be traced back to the year 1914. Following the rapid development of the devices and
synthesis processes through time, bulk BP in the size of millimeters was prepared using
this high-pressure method through RP instead of dangerous WP. However, the large-scale
preparation of BP is still limited by the low product yield and high device cost of the highpressure method. One new strategy, also known as the CVT method, was developed in
2007 to synthesize BP without using a high-pressure generation instrument. The CVT
method uses a low-pressure and non-toxic process, where the cost can be reduced by
modifying the mineralizers and precursors. Since the unique anisotropic properties of BP
are related to the layer number, it is important to synthesize few-layer phosphorene. Taking
inspiration from graphene, mechanical exfoliation has been used to obtain phosphorene
from bulk BP, which was reported in 2014. The major challenge of this method is the lowyield of the product. To obtain higher yields of phosphorene, LPE was developed to prepare
phosphorene using sonication or shear force. The solvent used in the process is an
important factor to enhance the yield, which attracts researchers’ interests. Nevertheless,
the LPE could induce intrinsic and extrinsic defects on exfoliated phosphorene and thus
limit the electrochemical performance. Therefore, different strategies must be developed
in order prepare defect-free 2D phosphorene and efficiently control the different
parameters of phosphorene, including its morphology, layer number, and surface
modification.
Along with the preparation strategy, the detailed study of BP and phosphorene in various
electrochemical applications is also important. BP and phosphorene-based materials have
attracted great attention as anode materials for LIBs and SIBs owing to the high theoretical
capacity and absorbing & catalytic effects of polysulfides in LSBs. However, to narrow the
gap between laboratory research and practical applications, several challenges need to be
overcome. The major shortcomings of BP and phosphorene in secondary batteries arise
from large volume change during cycling and poor electrical conductivity. Based on
previous results, reducing particle size and preparing BP composites with carbon materials
to form “sandwich” structures are considered to be efficient solutions to these problems.
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Despite the many efforts to develop BP and phosphorene-based anode materials for LIBs
and SIBs, several fundamental and applicational issues remain unsolved. First, the
electrochemical reaction mechanism for BP and phosphorene-based materials remains
unclear. Thus, research focusing on in-situ studies of Li+/Na+ insertion and extraction is
highly desirable for understanding the reaction mechanism of the materials during cycling.
Furthermore, the weight content of BP in the “sandwich” structure is normally low,
resulting in the poor overall capacity of the anode material. Thus, it is necessary to increase
the content of phosphorene in the composite. Finally, the low initial columbic efficiency is
also an important factor that impedes the practical application of BP and phosphorenebased anode materials in full cells. To address this issue, more efforts should be made to
solve issues related to electrolyte decomposition and solid electrolyte interphase (SEI)
formation. The second particles with low surface area can form less SEI layer, consuming
less Li+ in the initial charge/discharge. Moreover, a well-designed structure should be able
to avoid cracking and pulverization induced by volume change.
BP and phosphorene-based materials have also been reported to be great alternatives as
electrocatalyst materials for the HER and OER owing to their high carrier mobility and
electrical conductivity. The main challenge facing the catalytic activity and efficiency of
BP and phosphorene are their poor active sites. To overcome these issues, phosphorene is
applied as a substrate to uniformly distribute non-precious-metal materials for the HER,
improving the active sites by avoiding agglomeration of electrocatalytic active materials.
Additionally, by reducing the thickness and preparing the phosphorene composite, the
active sites of BP and phosphorene can be enhanced, exhibiting an advanced OER catalyst
performance.
Despite the rapid development of BP and phosphorene-based catalysts for the HER and
OER, there are still problems that need to be addressed in the future: 1) The fundamental
understanding of active sites for phosphorene for HER and OER is unclear. Thus, more
efforts should be made to develop theoretical and in-situ studies of the material. 2) The
path from laboratory research to practical application is restricted by the time-consuming
preparation method of phosphorene and phosphorene composites. Thus, facile methods to
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improve the efficiency of the preparation process of both phosphorene and its composites
are required.
Although the development of BP and phosphorene-based materials still faces numerous
challenges, BP and phosphorene based-materials in both the energy storage field and
hydrogen/oxygen evolution have presented a promising potential in future practical
applications and many next-generation devices.

2.3
2.3.1

Introduction of Synchrotron Radiation
Synchrotron Radiation Overview

Synchrotron Radiation (SR) is a powerful electromagnetic radiation emitted tangentially
to the curved orbit of the moving electrons when they are traveling at nearly the speed of
light. The concept of the “synchrotron” was proposed by Ed McMillan in 1945, and the
first observation of the SR was in 1947 in NY, USA. However, SR did not attract much
attention until the first synchrotron radiation light source, Tantalus I, was built in 1968.
Beginning from the operation of this 1st generation light source with parasitical X-ray
production, SR started to develop rapidly. The 2nd generation light source with dedicated
X-ray and 3rd generation light source with wigglers, undulators and high brilliance were
built after a decade in the 1980s and 1990s, respectively. Nowadays, over 80 SR light
sources have been built and are operated all over the world, including the Canadian Light
Source (CLS) and Advanced Photon Source (APS) that we used in this thesis.
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2.3.1.1

Fundamentals of Synchrotron X-ray Source

Figure 1--2-13. Schematic of SR facility. Its major components are (1) the injector, (2)
booster ring, (3) storage ring, (4) experimental station consisting of (5) a beamline, (6)
optics and monochromator hutch, (7) experimental hutch and (8) control room. Generally
the experimental stations are custom designed for specific applications150.
A schematic of a typical modern SR facility is shown in Figure 2-13. High-speed electrons
are generated by a heated electron gun and will be injected into a linear accelerator
(LINAC) to reach the velocity of 99.9998% of the speed of light under high voltage. Then
the energy of the electrons is increased to the order of GeV in a booster ring and they are
injected into the storage ring to emit the radiation tangential to the curved orbit under the
bending magnetic field. The energy of the traveling electrons is maintained by the radiofrequency (RF) cavity, which can increase the speed of the electrons by applying an
oscillating electric field. The direction of the accelerated electrons is controlled by several
sets of devices—dipole/bending magnets (red in Figure 2-13) and quadrupole magnets
(green in Figure 1-13). Several sets of dipole magnets are used to bend the orbit of the
electrons, and the quadrupole magnets control the transverse dimension of the beam. The
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brightness of the beam is greatly enhanced in the 3rd generation SR light source by insertion
devices called the wiggler and undulator (Figure 2-14a). The wiggler and undulator are
multipole magnets that work with similar principles to force the electrons to wiggle
periodically along their natural path. The differences between these two insertion devices
are the produced wiggling angle (α). The spatial distribution of α can be discriminated by
the opening angle (1/γ), which is described in Equation 2-1:
𝛾𝛾 =

𝐸𝐸

𝑚𝑚 𝑐𝑐 2

≈ 1975𝐸𝐸 (𝐺𝐺𝐺𝐺𝐺𝐺 ) (2 − 1)

Where γ is the ratio of the mass of a relativistic electron to its rest mass, E the energy, m0
the mass of the electron and c represents the speed of light. The wiggler produces a larger
opening angle beam (α>1/γ) and the undulator produces beams with smaller opening angles
(α<1/γ). As a result, the brightness of the SR beam is enhanced by the interference of the
overlapped photon loops (Figure 2-14b).

Figure 2-14. Layout of radiation beam emission from permanent multipole
wiggler/undulator insertion devices used in most of the third-generation synchrotron light
sources. The brightness spectrum of the emitted radiation from the individual device source
has been shown. 151
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Benefitting from the special design of the SR light source, several advantages are shown
compared to the traditional X-ray sources: 1) Brightness: the energy of synchrotron
radiation could reach 6-8 GeV, which is over 100,000 to 1,000,000 times brighter than a
laboratory X-ray source. 2) Tunability: the synchrotron radiation source can provide
photon energy from far-infrared to hard X-ray. 3) Time structure: the width of the
synchrotron radiation light pulse is only ~ 30 picoseconds with a repetition (dark gap) of
µs to ns . 4) Polarization: the beam along the electron storage ring is 100% linearly
polarized in the plane of the orbit. In addition, both left-hand and right-hand elliptically
polarized beams can be received above or below the orbit plane. Hence, synchrotron
radiation is one of the most powerful tools in various research fields, including energy
storage.

2.3.1.2

Fundamentals of X-ray Absorption Fine Structure

When the X-ray interacts with matter, a partial or total X-ray absorption occurs. The
amount of X-ray absorption can be defined by the intensity of the incident and
transmitted X-rays by Beer’s Law in Equation 2-2,
𝐼𝐼𝑡𝑡

𝐼𝐼0

= 𝑒𝑒 −𝜇𝜇𝜇𝜇

(2-2)

where I0 is the intensity of incident X-rays, It the intensity of transmitted X-rays, t the
thickness of the sample and μ is the absorption coefficient. In general, the absorption
coefficient is a function of the X-ray energy (E), which is relevant to the density of the
sample (ρ), the atomic number (Z), atomic mass (A) and the molar mass (M). The value of
the absorption coefficient can be described by Equation 2-3:
𝜇𝜇 ≈

𝜌𝜌𝑍𝑍 4
𝐴𝐴𝐸𝐸3

(2-3)

Meanwhile, the absorption coefficient is also a function of the X-ray cross section (σ),
following Equation 2-4：
𝜇𝜇 = 𝜎𝜎 ∙ 𝜌𝜌

(2-4)
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When the energy of the incident X-ray is just above the binding energy of the core electron,
a sharp increase of cross section σ, hence the absorption coefficient μ will occur, resulting
in an abrupt increase of the absorbed X-ray (number of photons). This feature is referred
to as an absorption edge, which appears when the core electron is excited to an occupied
bound state, quasi-bound state and further to the continuum as the increasing energy of the
incident X-ray. For instance, Figure 2-15a shows the absorption cross section of platinum
(Pt) as a function of the incident X-ray energy. Several absorption edges can be seen in
Figure 2-15 at different X-ray energies, namely K, L1, L2 and L3 edges, which referred to
the excitation of 1s, 2s, 2p1/2 and 2p3/2 electrons, respectively. Thus, X-ray absorption fine
structure (XAFS) can be observed above the absorption edge when the element is in a
chemical environment, which is described as the energy-dependency of absorption
coefficient (μ)152.

Figure 2-15. (a) Log-log plot of X-ray absorption cross section (σ) of platinum as a
function of X-ray photon energy (E)153. (b) XAFS spectrum described for its two regions:
XANES and EXAFS with schematic drawing for the multiple and single scattering,
respectively153, 154.
The XAFS spectra can be divided into two parts (Figure 2-15b), the X-ray absorption near
edge structure (XANES) and extended X-ray absorption fine structure (EXAFS). The
separation of the two structures is based on the scattering types of the electrons influenced
by kinetic energy. When the incident X-ray energy is between 20 eV below the absorption
edge and 50 eV above the absorption edge, core electrons will be excited to bound and
quasi-bound states and behavior as multiple scattering with the surrounding atoms due to
the low kinetic energy. This region is so-called XANES, which is highly sensitive to the
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local chemical environment and normally can be used to identify the oxidation states,
unoccupied electronic states and local symmetry155. In contrast, EXAFS occurs when the
incident X-ray energy is 50 eV ~ 1000 eV above the absorption edge, where the energy is
high enough to process a single scattering of the electron. Thus, EXAFS is sensitive to the
local structure within the nearest 3 atomic shells, such as the bond length and coordination
numbers156, 157. To understand the oscillations in EXAFS, a conversion of energy to k, the
wave number of the photon-electrons is required. The oscillation as a function of photonelectron wave number is k-space. The conversion from energy to k can be described by
equation 2-5:
𝑘𝑘 =

�2𝑚𝑚(𝐸𝐸−𝐸𝐸0
ℏ2

(2-5)

Where E0 is the absorption edge energy, m is the electron mass and ℏ is Planck’s constant.

To obtain information on the local structure, k-space is always converted to R-space. When
one performs a Fourier transform from k-space to R-space, the amplitude as a function of

neighbouring distance, the local structure, including bond lengths and coordination
numbers around the measured element can be read from the spectrum.
In this thesis, both XANES and EXAFS will be used in the study of black phosphorus.

2.3.2

The Applications of X-ray Absorption Fine Structure in
Energy Storage Studies

XAFS is a powerful technique that is used to study the local structure around active atoms
at the atomic and molecular scale. The technique is rooted in observing oscillations in the
X-ray absorption coefficient energy near and above the binding energy of the element in
question.158 The physical principles of XAFS rely on principles laid out in the photoelectric
effect and the interference between outgoing and backscattered photoelectron
wavefunctions to determine the modulation of the absorption coefficient relative to that of
the free atom. XAFS can be measured in three modes, transmission, fluorescence yield
(FLY), and total electron yield (TEY). Using these three different detection mechanisms,
information at various depths can be extracted. XAFS in transmission mode is designed to
probe the flux intensity of X-ray beams before and after being transmitted through the
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sample and is used to reveal the overall information of the samples being transmitted. TEY
mode is more surface sensitive with around several nanometers probing depth, while FLY
mode can provide information at deeper probing depths of approximately several hundreds
of nanometers and give information about the bulk of the material.159-163
As mentioned above, the XAFS spectra can be divided into two regions, XANES and
EXAFS.164, 165 XANES is sensitive to oxidation state and coordination environment of the
element in question. Information is often obtained by analyzing the position and shape of
the absorption edge.166-169 On the other hand, EXAFS spectra are typically used to
determine the local structure around the active atom and can provide information pertaining
to the interatomic distance of the nearest neighbors, coordination number and species of
neighboring atoms. In order to extract this information, the EXAFS equation based on
single backscattering is used, and best fits are assigned.170-172 In addition, elemental
specificity and atomic sensitivity make XAFS applicable for not only crystalline materials
but also amorphous and disordered materials. Therefore, XAFS is suitable for studying
changes in electrode and electrolyte materials during electrochemical processes.173 In this
section, we will introduce the application of XAFS for battery materials focusing on the
study of structural investigation and the implications for electrochemical reaction and
degradation mechanisms.

2.3.2.1
2.3.2.1.1

Structural Investigation
X-ray absorption near edge structure (XANES)

Since the electronic structure and local chemistry environment (e.g. symmetry and ligand
boding environment) of active elements in electrodes play a key role in the charge and
discharge process of lithium secondary batteries, XANES has been widely developed as a
tool to study numerous electrode and electrolyte materials.168, 174-178 In addition, to improve
the electrochemical performance of lithium secondary batteries, several strategies have
been carried out to modify electrochemical materials, such as ball milling,177 applying the
use of coating layers,179,

180

doping of heteroatoms,181,

182

and fabrication of bonding

structures.183-186 XANES can also be used to probe changes to the electronic structure and
local environment following structural modification.
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The valence states of elements in electrode materials determine the electrochemical activity
during cycling. For electrode and electrolyte materials, the valence states of pristine
materials play a crucial role in predicting the electrochemical reaction and/or degradation
mechanism during cycling. In addition, modification strategies may further complicate the
valence states of elements. Therefore, the investigation of valence states in electrochemical
materials becomes of paramount importance. XANES has been widely carried out to
address this issue.
Layered lithium transition metal (e.g. Ni, Co, Mn and so on) oxide composites such as,
LiNi1/3 Co1/3Mn1/3O2 (NCM) and LiNi0.8Co0.15Al0.05O2 (NCA), have been intensively
studied as promising cathode materials for LIBs due to their high capacity and low cost.187,
188

However, cation mixing between lithium and transition metal ions and capacity fading

limit the understanding and application of NCM for large scale energy storage devices and
EVs. To investigate the electronic structure of NCM, Ceder et al.174 clarified the valence
states in NCM through the use of XANES. By comparing the XANES of elements in NCM
and reference material, XANES was able to identify Ni, Co, and Mn in NCM to have the
valence states of +2, +3, and +4, respectively. In this regard, the reaction mechanism of
NCM can be predicted to be based on Ni2+/Ni4+ and Co3+/Co4+ redox reactions. In addition
to confirming the valence states of elements in pristine materials, XANES has been also
widely applied to probe changes in chemical states of electrode and electrolyte materials
after modification which is aimed at altering the structure in an effort to improve
electrochemical performance. In the case of NMC, lithium substitution in the transition
metal layers has been intensively studied to obtain increased capacity (i.e. above 280
mAhg-1), and is coined as Li-rich NMC or high-energy NMC (HENMC).187 However,
HENMC usually suffers from several interface issues, including oxidizing the electrolyte
and serious transition metal dissolution into the electrolyte, leading to short lifetime and
safety issues. In this regard, surface chemistry methods are able to restrain interfacial
reactions from occurring between the electrolyte and electrodes through the use of a coating
layer on the surface of the electrode. As shown in Figure 2-16, Xiao et al.179 designed and
prepared AlPO4 (AP)-coated HENMC (HENMC-AP) via atomic layer deposition (ALD)
to overcome the challenges faced with using HENMC. Through comparing the
electrochemical performance of HENMC-AP with different thickness of AlPO 4, the
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obtained electrode materials with 20 ALD-cycles, denoted as HENMC-20AP, displayed
improved cyclability and Coulombic efficiency (CE). The mechanism accounting for the
improved electrochemical performance was studied using XANES. As displayed in
Figures 2-16a & 2-16b, to obtain the valence state of Co before and after the ALD process,
spectra of the Co L3,2-edge XANES were obtained and fitted alongside a linear combination
of standards such as CoO and LiCoO2. Comparing the fitting results reveals a decrease of
Co3+ amount and an increase in Co2+ following ALD of AlPO 4. As the Co L3,2-edge
XANES spectra are recorded using surface sensitive TEY mode, the result suggests that
the surface of HENMC is reduced during the ALD process. The reduction process also
applies to Mn, as shown in Figure 2-16c. Combined with the HRTEM results, displayed in
Figure 2-16d, the surface of HENMC is confirmed to be reduced to a spinel phase due to
the ALD process, allowing for faster ion migration during cycling. The XANES shows
good resolution in testing valence states of elements and is a powerful technique to probe
the electronic structure of elements in materials.

Figure 2-16. Co L3,2-edge XANES spectra of (a) HENMC and (b) HENMC-20AP. Both
two spectra are fitted to standard CoO and LiCoO2. (c) Mn L3,2-edge XANES of HENMC
and HENMC-20AP. The XANES spectra of HENMC-20AP is fitted to the HENMC and
standard MnO. All the XANES spectra are recorded by the TEY mode. (d) HRTEM image
of HENMC-20AP. The insert shows the fast Fourier transform patterns. Reproduced with
permission179, Copyright © 2017 Elsevier.
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In addition to elemental electronic structure, local chemical environment, such as
symmetry, ligand and bonding state, will also affect the electrochemical performance of
electrode and electrolyte materials. Therefore, identifying the local chemical environment
will lead to a better understanding of electrochemical reactions. Since it is difficult to obtain
information pertaining to the local chemical environment through traditional
characterization techniques (e.g. SEM, TEM, and XPS), XANES analysis provides the
possibility of exploring the local chemical environment.
In the case of solid-state electrolytes for LIBs, ligand structure affects the lithium-ion
diffusion of the material and will influence lithium-ion conductivity.189 Therefore,
information regarding ligand structure can impart crucial knowledge for understanding the
mechanism of ion transportation, and can be investigated using XANES. Wang et al.
prepared lithium silicate (LSO) solid state electrolyte (SSE) thin films via ALD and studied
the oxygen ligand environment through the use of Si K-edge XANES spectra.

175

By

comparing the XANES of LSO and standard samples (i.e. Na2SiO3, quartz and nanosized
SiO2), Si in the LSO thin films was found to exist in a tetrahedral oxygen ligand
environment. Furthermore, through a combination of surface sensitive TEY and bulk
sensitive FLY modes, a similar ligand structure was observed at both the surface and in the
bulk of LSO thin films. In addition to ligand structure, due to the effect on the unoccupied
electronic states, symmetry and neighboring atoms have a crucial influence on the
electronic states of atoms in materials. However, it is difficult to obtain information via
traditional characterization methods, especially with regards to proving chemical
environments with elements in multiple valence states. XANES is a useful technique that
can be used to identify elements with different local chemical structures. As displayed in
Figure 2-17, Yang et al. displayed Li K-edge, P L2,3-edge, O K-edge and Fe L3,2-edge
XANES spectra of different elements-containing compounds, which are related to the
preparation and electrochemical reaction process of LiFePO4. 168 By using this fingerprint
method, in-depth information regarding chemical environment can be obtained. XANES
spectra have the promising potential to identify and quantify the synthesis and
charge/discharge process of LiFePO4-based electrode materials. Hence it is rational to
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apply this XANES method to probe elements with alternate chemical environments in other
electrode and electrolyte materials.190, 191

Figure 2-17. (a) Li K-edge XANES spectra of the Li containing compounds: (a’) Li2CO3 ,
(b’) LiPO3 , (c’) Li4 P2O7, (d)’ Li3 PO4, (e’) amorphous LiFePO4, (f’) disordered LiFePO4 ,
and (g’) crystalline LiFePO4. (b) P L2,3-edge XANES spectra of the P containing
compounds: (a’) LiPO3, (b’) Li4 P2O7 , (c’) Li3PO4, (d’) crystalline LiFePO4 , (e’) disordered
LiFePO4, (f’) amorphous LiFePO4, (g’) Fe3(PO4)2 and (h) FePO4. (c) O K-edge XANES
spectra of the oxygen containing compounds: (a’) LiPO3, (b’) Li4 P2O7, (c’) Li3PO4 , (d’)
crystalline LiFePO4, (e’) disordered LiFePO4 , (f’) amorphous LiFePO4 , (g’) Fe3(PO4)2 and
(h’) FePO4 . (d) Fe L3,2-edge XANES spectra of Fe-containing compounds: (a’) crystalline
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LiFePO4, (b’) disordered LiFePO4 , (c’) amorphous LiFePO4 , (d’) Fe3(PO 4) 2, (e’) FePO4
and (f’) Fe2O3 . All the XANES spectra are recorded by the FLY mode. Reproduced with
permission168, Copyright © 2012 Royal Society of Chemistry.
In addition to the chemical environment, the bonding structure of composite electrode
materials is another crucial factor that will influence the electrochemical performance of
batteries. It is common practice to form bonding structure to bind electrochemically active
materials to the substrates, such as Si-carbon nanotubes,192 Sn-graphene,184 SnO2graphene,183,

185, 193

LiFePO4-graphene,186 and Se-carbon nanofibers composites.194 As

shown by Zhou et al.193, the C K-edge XANES spectra display an obvious increase in
intensity following binding to SnO2. In addition, the bonding structure can also lead to a
shift in the edge threshold position, with new peaks and shape changes occurring to the C
K-edge XANES spectra due to electron donation from SnO2, as reported by Wang et al.185
XANES provides powerful evidence to confirm the formation of bonding structures in
composite materials and can improve the design and preparation of electrode materials
aimed at achieving enhanced electrochemical performance.

2.3.2.1.2

Extended X-ray Absorption Fine Structure (EXAFS)

While the XANES spectra can provide information regarding electronic structure and local
chemical environment, the EXAFS spectra are primarily used to determine information
about local lattice structure, including distances, coordination number and neighboring
atom species, and to study lattice distortion and phase changes within a material.195-197
Since local lattice structure plays an important role in determining ion/e- diffusion, phase
composition, and electrochemical reaction mechanism, it is crucial to probe this aspect of
the material in order to achieve and further improve electrode and electrolyte materials.
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Figure 2-18. Schematic illustration of (a) TSC-LMO and (d) TSD-LMO. (b) Mn K-edge
XANES, (c) Mn K-edge EXAFS, (e) Ti K-edge XANES and (f) Ti K-edge EXAFS spectra
of TSC-LMO and TSD-LMO. Reproduced with permission,180 Copyright © 2014 Nature
Publishing Group.

EXAFS analysis can not only elucidate the lattice structure (e.g. coordination environment)
of electrode materials,198-202 but also predict and confirm the lattice structure and phase
composition of unknown electrode materials that are often used for LIBs and Li-O
batteries.180, 203, 204 As shown in Figure 2-18, Lu et al.180 used EXAFS to determine the
effect of surface-doping in LiMn2O4 cathode materials, a process which demonstrated
improvement to cyclability of the material. Different from the ALD process of preparing
an amorphous TiO2 layer on the surface of LiMn2O4 particles (TSC-LMO), a TiO-surfacedoped LiMn2O4 (TSD-LMO) was prepared using a sol-gel method. The Mn K-edge
XANES & EXAFS and Ti K-edge XANES spectra indicate that the valence state of Ti on
the surface and in the bulk are identical. However, two extra bonding peaks were observed
in the Ti K-edge EXAFS of TSD-LMO and suggest diffusion of Ti4+ into the surface of
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LMO and the formation of surface-doped LiMn2-xTixO4 layers. This example highlights
the use of EXAFS in determining local lattice structure and phase composition of materials
with multiple valence states in different regions of electrochemical materials. In addition
to the investigation of lattice structure, lattice distortion is another key factor that can affect
the electrochemical activity of materials. Among them, Jahn-Teller (JT) distortions are a
major cause for concern and result in structural instability and capacity fading in many
cathode materials used for LIBs, including spinel and layered lithium transition metal
oxides.205-208 For instance, a phase transition from cubic to tetragonal caused by JT
distortions can cause a large and anisotropic volume change of LiMn2O4 cathodes and
results in structural damage and capacity fading. As the EXAFS spectra is very sensitive
to interatomic distance and coordination number, it is rational to use this technique to probe
JT transitions in electrode materials.209-212 LiMn2O4 is one typical spinel cathode material
used in LIBs and suffers from JT distortions induced by Mn3+ situated at octahedral sites
and results in detrimental structural instability.213-215 Yamaguchi et al.209 studied the effect
of JT distortion transitions in LiMn2O4 at various temperatures by extracting the
coordination number and interatomic distance from EXAFS spectra, which investigated
the phase transition of LiMn2O4 at different temperatures. At low temperatures (around
200 K), the JT distortion of Mn3+ is cooperative and leads to macroscopic distortions in the
material. However, at elevated temperatures (around 300 K), the JT effect was found to be
local and induces noncooperative distortion in Mn3+O6 octahedra structures within the
material. Observation of noncooperative JT distortions has also been reported for layered
LiNiO2 cathode material.211,

212

Two main strategies have been applied to suppress JT

distortions in LiMn2O4, including replacing Mn3+ with JT-inactive elements,205, 216 and
reducing particle size to diminish effects related to volume change 217, 218.
As XANES and EXAFS are suitable for tracking changes to local electronic and chemical
structures of materials, the use of XAFS can provide complimentary information of
electrode and electrolyte materials for lithium secondary batteries. Based on the
fundamental structural information of electrode and electrolyte materials, the
electrochemical mechanism can be analyzed and the challenges facing the electrochemical
applications can be clarified. Then the rational modification strategies based on the
fundamental investigation will be carried out to improve the electrochemical performance.
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2.3.2.2

Electrochemical Reaction Mechanism

The study of electrochemical reaction mechanisms for electrode materials used in lithium
secondary batteries relies on the investigation of electronic structure and local environment
of electrodes during the lithiation & delithiation process. Preliminary investigations on
chemically deintercalated electrode materials were conducted using XANES and EXAFS
to study the de-lithiation process in LIBs.200,

219

Shortly after, ex-situ XAFS

characterization strategies, combined with electrochemical charge & discharge were
carried out to directly analyze the electrochemical process.220-225 Although ex-situ XAFS
can provide static information of electrodes at states of equilibrium during the
electrochemical process, dynamic electrochemical behavior is unattainable through ex-situ
experiments. Therefore, in-situ and operando XAFS was developed to attain a more
holistic understanding of the electrochemical reactions taking place during battery cycling.
In this regard, the development of cells for in-situ and operando characterizations is crucial
but provides an avenue in creating a powerful tool to probe electrochemical reactions in
real time.226-229

Figure 2-19. (a) Voltage profiles of LiNi0.5Mn1.5O4 cathode during the initial
charge/discharge cycling. The ex-situ XAS study were performed at different states
(marked with orange dots): pristine electrode (P), 50% charge state (1/2Ch), 100% charge
state (1Ch), 50% discharge state (1/2D), and 100% discharge state (1D). (b) Capacity
retention of LiNi0.5Mn1.5O4 cycled at 0.1 C rate. (c) Ni L3- and L2- FLY and TEY XANES
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spectra of LiNi0.5Mn1.5O4 at different states as shown in (a). (d) Mn L-edges XAS spectra
(TEY) of a series of LiNi0.5Mn1.5O4 electrodes at different SOC. The calculated spectra of
Ni2+, Ni3+, and Ni4+ were done in an octahedral crystal field. Reproduced with
permission,222 Copyright © 2015 American Chemical Society.

The key point for the mechanism study is to confirm the active element sites of electrode
materials during cycling. Numerous reports have applied ex-situ XANES and EXAFS to
study transition elements and oxygen of cathode materials for LIBs during cycling. As
shown in Figure 2-19, Qiao et al.222 measured the Ni L3,2-edge and Mn L- 3,2 edge XANES
spectra of LiNi0.5Mn1.5O4 electrodes at different states of charge (SOC) to confirm the
active sites during electrochemical cycling. Their investigation determined that Mn is
electrochemically inactive during cycling and has no valence change. For this study, the
XANES spectra were used to investigate the valence states of elements during cycling by
analyzing the threshold energy position and shape with the calculated XANES spectra of
Ni2+, Ni3+, and Ni4+. The active element during cycling has been found to be Ni with a twophase-redox reaction (i.e. Ni2+/Ni3+ and Ni3+/Ni4+) involved during the charge
compensation mechanism. Additionally, alternate reaction mechanisms between the
surface and bulk of the electrode material have also been investigated by carrying out
surface-sensitive TEY and bulk-sensitive FLY detection. The Ni2+ phase on the electrode
surface was confirmed to be electrochemically inactive, contrary to Ni2+ in the bulk of the
material. Based on the study of valence state change of electrochemically active elements
during cycling, the ligand environment change after cycles can also be studied via XANES
spectra. Hy et al.230 measured XANES spectra of Li1.2Ni0.2Mn0.6O2 after cycles and
displayed evidence for the migration of Ni from octahedral to tetrahedral sites. In addition
to elucidating the function of transition metal elements in the cathode materials for LIBs,
XANES analysis can also provide information regarding the participation of elemental
oxygen during electrochemical cycling of LiCoO2 cathode material.231 The absorption peak
shoulder in the O K-edge XANES spectra during delithiation provides evidence for the
existence of oxygen in a higher oxidation state. In addition to XANES spectra, EXAFS
analysis has also been widely applied to track the change of crystal structures and structural
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instability during cycling, which is related to the degradation mechanism after cycles. Kim
et al.232 studied the change in interatomic distance and structure distortions for
LiCo0.85Al0.15O2 during delithiation with the use of EXAFS. As elucidated by the k-space
and R-space spectra obtained from EXAFS analysis, all bond pairs showed decrease in
interatomic distance and the crystal structure displayed increase in distortion with the
increased Debye-Waller factor. The obvious change of local structures can be the main
reason for the capacity degradation in the following cycles. In addition to the ex-situ XAFS
study of overall electrode materials during cycling, ex-situ XANES imaging techniques
provide the chance to track the electrochemical reaction in different regions of electrode
materials. Katayama et al.233 used the XANES imaging of the LiFePO4 cathode to obtain
the chemical sate maps for the electrodes at different discharge and charge states, which
can provide the evidence of lithium diffusion in electrode materials during cycling. In
principle, it is difficult to track elemental lithium by X-ray techniques as the low binding
energy. Several groups applied SR X-ray techniques to track the evolution of other
elements related to the lithium, such as elemental Fe and P in LiFePO4, to reflect the
distribution and diffusion of lithium during cycling.233-236 Based on Katayama et al.’s
report, the reaction distribution in the LiFePO4 electrode is inhomogeneous and the reason
is the different resistance in different parts of electrodes, which is related to the migration
of lithium-ion and electron. In the case of lithium-ion, the migration in the electrolyteelectrode interfaces and electrode particles will lead to different resistance.
In addition to ex-situ XAFS characterization, in-situ XAFS characterization has also been
carried out to study the electrochemical reactions and dynamics of LIB electrode materials
in real time.170, 173, 201, 233, 237-239 Yoon el al.172 utilized in-situ XAFS to track the valence
change of electrochemically active elements and changes to the crystal structure of
LiNi0.5Mn0.5O2 during the first charge and discharge process. By tracking the shape of the
Ni K-edge and Mn K-edge XANES spectra during the first cycle, a two-step redox reaction
of Ni2+/Ni3+ and Ni3+/Ni4+ was determined. However, during the first discharge process, at
a lower region of ~1 V, only the reduction of Mn4+ was found to account for the charge
compensation without involving a Ni redox reaction. Furthermore, in-situ EXAFS
provided evidence of possible distortions in the local structure during the first charge
process, mainly due to replacement of lithium with metal ions in the Ni2+/Mn4+ layer. Later,
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Yoon et al.240 and Tsai et al.241 studied NMC cathode materials using in-situ XAFS. The
active elements in the electrochemical reaction mechanism are confirmed to be Ni and O.
Moreover, in-situ EXAFS not only shows the change of Ni-O bond length due to the
oxidation of Ni2+ but also provides information about structure distortion during the charge
and discharge process. Since Ni3+ is the active site of the JT effect, the structure distortion
is confirmed by the change of Debye-Waller factor, resulting in the change of bond length.
In the two works240, 241 studying the mechanism of electrochemical reaction of NMC, the
Mn and Co were considered as electrochemically inactive sites. Although the threshold
energy position doesn’t show a distinct shift in the Mn K-edge and Co K-edge XANES
spectra, the spectra still demonstrate a drastic change in shape. Since the shape of the
XANES spectra is highly sensitive to the local structure, the change of the shape of the
XANES should be further analyzed. As shown in Figure 2-20, Yu et al.199 applied in-situ
XANES and EXAFS to study Ni, Mn and Co during the first charge process of Li-rich
layered Li1.2Ni0.15Co0.1Mn0.55O2. Similar to the results observed for NMC, as discussed
above, the Ni K-edge XANES spectra display a continuous shift in the threshold energy
position to higher energy, indicating the oxidation of Ni2+ to Ni4+ during the first charge
process. Although the threshold energy position of the Mn and Co K-edge XANES
maintains the same position during the delithiation process, the shape of the XANES
spectra and the Fourier transformed (FT) EXAFS spectra show obvious changes in the CoO and Mn-O peak intensity. The FT EXAFS spectra suggest that the participation of
elemental Mn and Co in the charge compensation during delithiation and the varied change
tendency in different charge states means that Co and Mn are mostly related to the voltage
slope and voltage plateau regions, respectively. Through further analyzing the DebyeWaller factors, changes to the local environment around Mn also suggest the structure
distortions related to Mn, which can be the main reason for the capacity fading with
prolonged cycling. Using in-situ XAFS, the charge compensation mechanism in Li-rich
layered Li1.2Ni0.15Co0.1Mn0.55O2 has been confirmed and found to be different from that of
NMC. Study of the electrochemical mechanism can give rise to a better understanding of
the electrochemical process and aid in the development and preparation of advanced
electrode materials.
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Figure 2-20. (a) The voltage profile of Li1.2Ni0.15Co0.1Mn0.55O2 during the first charge
process with the current density of 21 mA g-1. Selected XAS scan numbers are marked on
the charge curve. (b) Normalized Ni, Mn, and Co K-edge spectra and (c) magnitude of the
Fourier transformed Mn, Co, and Ni K-edge spectra of Li1.2Ni0.15Co0.1Mn0.55 O2 during the
first charge process. The insertion shows a schematic illustration of the coordination
environment around the transition metal ions. The vertical axis of (b) refers to the
normalized absorption coefficient. The vertical axes of (c) and (d) refer to the FT
amplitude. Reproduced with permission,199 Copyright © 2013 Wiley.

In the case of Li-S batteries, the insulating nature of sulfur and the detrimental effect of the
polysulfides shuttle effect are the two main challenges for the practical application and
commercialization of this promising technology.13, 125, 242 To overcome these issues, it is
urgent to investigate and understand the sulfur redox reaction. Cuisinier et al.243 utilized
operando XANES spectra of the S K-edge to track formation and changes to sulfur-related
phases in Li-S batteries during cycling. The operando spectra were analyzed by using
standard S8, S62-, S42-, and S2- spectra as the reference spectra to linearly fit the result.
During the charge process, the sulfur redox reaction undergoes step-by-step process with
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shorter-chain polysulfide (i.e. S42- and then S62-) and final transformation of S62- to S8 . The
discharge process also shows a step-wise reaction while the discharge capacity is mostly
limited by unreacted sulfur and rather than the presence of insoluble Li2S2 . The
investigation of different charge and discharge processes can explain the hysteresis
between the two events. A further understanding of the sulfur redox reaction is crucial for
the design of advanced Li-S batteries and improvement of their electrochemical
performance. In addition to the application of Li-S batteries at room temperature, an
extended electrochemical window for the operation of Li-S batteries is required to meet
practical applications requirements for EVs. Since ether-based electrolytes for Li-S
batteries cannot operate at high temperatures, the utilization of carbonate-based electrolytes
should be apotential solution for extending the electrochemical operation window.
However, side reactions between carbonate-based electrolytes and polysulfides lead to
rapid consumption of electrolyte and capacity degradation. To solve this issue, the reaction
mechanism of carbonate solvents should be further studied, and a valid solution should be
determined. As shown in Figure 2-21, Xia et al.127 firstly studied the electrochemical
process of Li-S batteries with carbonate-based electrolytes via ex-situ XANES spectra and
reported the observance of new peaks in the spectra belonging to side reactions occurring
between polysulfides and the carbonate solvent. To overcome this side reaction, an
aluminum alkoxide (alucone)coating was deposited on the surface of C-S electrodes via
molecular layer deposition. Utilizing this coating layer, the occurrence of side reactions
was found to be suppressed. The investigation of Li-S batteries with different electrolytes
and modification strategies by XAFS can provide valuable information in understanding
and addressing other challenges currently faced in the field of Li-S batteries.
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Figure 2-21. Sulfur K-edge spectra of (A) C-S electrodes and (B) alucone-coated C-S
electrodes with carbonate-based electrolyte at discharge-charge steps. Reproduced with
permission,127 Copyright © 2016 American Chemical Society.
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Chapter 3

3

Experimental Apparatus, Characterization Techniques
and Synchrotron Instrumentation
3.1

3.1.1

Experimental Apparatus
Tube furnace for BP preparation

Figure 3-1. Lindberg/Blue M™ Mini-Mite™ Tube Furnaces
The black phosphorus (BP) and Se-doped BP were synthesized in the Lindberg/Blue M™
Mini-Mite™ Tube Furnaces (Figure 3-1). For BP preparation, red phosphorus (RP), Sn
and I2 were sealed in silica ampule and placed in the middle of the tube furnace. The ampule
was heated to 650 ⁰C in 8h, then it was maintained for 5 hours and was gradually cooled

down to room temperature. BP was obtained at the cold side of the ampules after the
process. Se-doped BP was synthesized with the same procedure as pure BP except
adding Se into the precursors.
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Figure 3-2. PBM-04 Planetary Ball Mill
The BP-graphite-carbon nanotubes (BP/G/CNTs) composite in Chapter 6 was synthesized
by ball-milling BP with graphite flakes and single-layered CNTs with PBM-04 Planetary
Ball-Mill Machine (Figure 3-2). The precursors were weighted with the ratio of
BP:graphite:CNTs=5:4:1 and sealed in the ball-milling jar in the Ar-filled glove box. Then
the jar was milled with the speed of 500 rpm for 120 h to get BP/G/CNTs.
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3.2 Characterization Techniques
The physical and chemical properties of BP materials and BP-based electrode, such as
morphology, structure, components, chemical bonding, etc. have been determined via a
variety of analytical techniques, such as scanning electron microscope (SEM), X-ray
diffraction (XRD), Raman spectroscopy (RS), X-ray photoelectron spectroscopy (XPS),
synchrotron radiation related techniques, etc. To investigate the electrochemical properties
of as-prepared BP materials and BP-based electrodes, galvanostatic cycling performance
with different current densities, and electrochemical impedance spectroscopy (EIS) were
conducted with assembled symmetrical cells.

3.2.1

Physical Characterization

Figure 3-3. The Hitachi 3400N Environmental Scanning Electron Microscope with energy
dispersive spectroscopy
The morphology and elemental mapping of the BP samples were measured via Hitachi
3400N Environmental Scanning Electron Microscopy (SEM) with energy dispersive
spectroscopy (EDX), respectively. The SEM measurements were carried out at an
acceleration voltage of 5 kV, as shown in Figure 3-3.
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Figure 3-4. The Talos 200X Transmission Electron microscope equipped SDD Super- X
detectors for energy dispersive X-ray spectroscopy1
The high-resolution morphology and elemental mapping of the BP-based electrodes were
measured via the Talos 200X Transmission Electron Microscope (TEM) and the equipped
EDX, respectively.
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Figure 3-5. The Bruker D8 Advance Diffractometer XRD system
X-ray diffraction (XRD) was used to provide the phase structure information of the BP
materials and BP-based electrodes. The XRD pattern of the samples was collected on a
Bruker D8 Advance Diffractometer using Cu Kα radiation at 40 kV and 40 mA (As shown
in Figure 3-4).

Figure 3-6. HORIBA Scientific LabRAM HR Raman spectrometer system.
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Raman scattering spectra were recorded using a Nicolet 380 and a HORIBA Scientific
LabRAM HR Raman spectrometer system (Figure 3-6) equipped with a 532.4 nm laser.

Figure 3-7. The Kratos AXIS Supra X-ray photoelectron spectrometer2
X-ray photoelectron spectroscopy (XPS) was used to analyze the chemical composition
and bonding by detecting the amount of the escaped electrons from the surface of the
samples at a certain excitation energy. The XPS measurements were carried out at Surface
Science Western using an Ar-filledglovebox-connected XPS (Kratos AXIS Supra) system
for air sensitive samples.

3.2.2

Electrochemical Characterization

Electrochemical analysis was performance in CR2032 coin-type cells. The coin cells
were assembled in an ultra-pure argon-filled glove box with Li/ElectrolyteSeparator/electrode system using polypropylene separator (Celgard 2400).
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Figure 3-8. Land 2001A Battery Test System.
The electrochemical performance studies were carried out on a Land 2001A Battery Test
System (Figure 3-8) at room temperature. A constant current was applied to the electrodes
during repeated charging/discharging in the potential range 0.001V to 2.500V while the
capacity was recorded. Electrochemical impedance spectroscopy (EIS) and cyclic
voltammograms were also performed on the versatile multichannel potentiostat 3/Z
(VMP3).
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Figure 3-9. (a) Autolab potentiostat equipped with rotating controller. (b) three-electrode
electrochemical cell.
The hydrogen evolution reaction (HER) was performed using a glassy carbon rotating-disk
electrode (Pine Instruments) as the working electrode with graphene and a standard
hydrogen electrode as the counter and reference electrodes, respectively, as shown in
Figure 3-9.

3.3
3.3.1
3.3.1.1

Synchrotron Instrumentation
Synchrotron Facilities
Canadian Light Source (CLS)

The Canadian Light Source is a 3rd generation synchrotron radiation light source located at
the University of Saskatchewan, Saskatoon, SK, Canada. It is a 2.9 GeV storage ring with
12 straights (9 available for insertion devices), 24 bending magnets, and over 40 possible
beamlines. The layout of the facility of CLS is shown in Figure 3-10. It can operate at
current up to 500 mA, radio frequency of 500 MHz, and the emittance of 18.2 nm·rad. To
date, 20 beamlines are open to users for different research demands, which cover the wide
photon energy range from far infrared (IR) to hard X-ray3.
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Figure 3-10. Schematic layout of the CLS Experimental Hall as of September 20163

3.3.1.2

Advanced Photon Source (APS)

The Advanced Photon Source is a 3 rd generation synchrotron light source that provides
high-energy and high-brilliant X-ray beams. It is located at the Argonne National
Laboratory in Chicago, IL, US. The layout of the APS facility is shown in Figure 3-11. It
has a 7 GeV storage ring and contains 34 sectors. Each sector has one or more beamlines
for different research demands. It has radio frequency of 351.927 MHz, and an electron
beam emittance of 2.514 nm∙rad. Specifically, APS runs in a “top-up” mode, which means
that the current of the beam is consistent at 102 mA by injection every 2 minutes4.
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Figure 3-11. Schematic layout of the APS beamlines5

3.3.2
3.3.2.1

Beamlines
Variable Line Spacing Plane Grating Monochromator (VLSPGM) Beamline at CLS

The VLS-PGM beamline is a soft X-ray beamline in CLS with the energy range of 5.5 eV
to 250 eV. The energy resolution (E/ΔE) of the VLS-PGM beamline is 10000 and its spot
size is 500 μm x 500 μm6. Figure 3-12 shows the layout of the VLS-PGM beamline. The
beamline contains three toroidal mirrors (M2, M5 and M6) which focus the beam onto the
entrance slit and the two end stations, respectively. The three spherical mirrors (M3) along
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with the three variable spacing plane gratings cover the desired energy range between 5.5
eV and 250 eV (low energy grating: 5-38 eV; medium energy grating: 25-150 eV and high
energy grating: 90-250 eV). The beam can be deflected by the plane mirror (M4) to reach
the exit slits to secondary branches. The end station A is for XANES measurement. In this
thesis, VLS-PGM was used to measure P-L2,3 edges in Chapter 5.

Figure 3-12. Layout of the VLS-PGM beamline. FM: fixed mask; M1: plane mirror; M2:
toroidal mirror; M3: spherical mirror; M4: plane mirror; M5 and M6: toroidal refocusing
mirrors7.

3.3.2.2

Soft X-ray Microcharacterization (SXRMB) Beamline at
CLS

The SXRMB beamline is a medium X-ray beamline at CLS which provides the
measurements with the X-ray range of 1.7-10 keV. The layout of the beamline is shown in
Figure 3-13. The beamline has two crystals to cover the full X-ray range between 1.7
and10 keV—InSb(111) for 4-10 keV and Si(111) for 1.7-4 keV. The energy resolution
E/ΔE of the two crystals are 3000 and 10000, respectively. The spot size is ~1 x 4 mm2 for
the XAFS Endstation and ~10 x 10 μm2 for the microprobe endstation. In addition, there
are four endstations available for users: 1) Solid state endstation for bulk and powder
samples under high vacuum. 2) Microprobe endstation for mapping experiments. 3)
Ambient table for bulk analysis, liquid and solid in-situ experiments and 4) High-energy
XPS for depth-profiling analysis8. In this thesis, the P-K edge XANES in Chapter 4, P K-
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edge EXAFS in Chapter 5, the ex-situ P-K edge XANES in Chapter 6 and operando P-K
edge XANES in Chapter 6 were performed at SXRMB beamline.

Figure 3-13. Layout of SXRMB beamline with XAFS and Microprobe Endstation8.

3.3.2.3

Hard X-ray MicroAnalysis (HXMA) Beamline at CLS

The HXMA beamline is a hard X-ray beamline at CLS which provides the XAFS and
XRD measurements with the energy range 5-40 keV9. The layout of the HXMA beamline
is shown in Figure 3-14. The spot size of the beamline is 0.8 x 1.5 mm2 and the energy
resolution (E/ΔE) is 10000. The HXMA beamline contains two endstations that can
perform the normal XAFS, grazing incident XAFS, high pressure XAFS and XRD to
meet different research demands. In this thesis, the Se-K edge EXAFS in Chapter 5 was
finished at this beamline.

Figure 3-14. Layout of HXMA beamline at CLS10
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3.3.2.4

Very Sensitive Elemental and Structural Probe Employing
Radiation from a Synchrotron (VESPERS) Beamline at
CLS

The VESPERS beamline is a hard X-ray microprobe beamline with the energy range of
6-30 keV11. The layout of the VESPERS beamline is shown in Figure 3-15. The spot size
of the beamline is from micro (2 to 4 μm) to mm and the energy resolution E/ΔE is up to
10000 with the Si(111) crystal. Different endstations and techniques are available in the
beamline to meet various requirements, including X-Ray fluorescence spectroscopy
(XRFS), X-Ray diffraction (XRD), X-Ray Laue diffraction, XAFS, etc. In this thesis, the
XRD measurements of black phosphorus (BP)-based anode material, graphite, carbon
nanotubes (CNTs) and pure BPwere performed at the VESPERS beamline.

Figure 3-15. Layout of the VEPSERS beamline at CLS12.

3.3.2.5

Beamline 17-BM-B at APS

The 17-BM-B is a hard X-ray beamline used for XRD measurements at APS with the
energy range of 27-51 keV13. Figure 3-16 shows the layout of the 17-BM-B. The spot size
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of the beamline is 300 µm x 300 µm. It uses Si(311) as the monochromator and shows
high energy resolution E/ΔE of 5000. The beamline is designed for rapid powder
diffraction. In this thesis, the operando XRD measurement of BP-based anode material was
carried out at this beamline.

Figure 3-16. Layout of the 17-BM-B at APS14.

3.4
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Chapter 4

4

Phosphorene Nanosheets Exfoliated from Low-Cost
and High-Quality Black Phosphorus for Hydrogen
Evolution* 2

Black phosphorus (BP) has recently attracted intense research interest due to its
unique thickness-dependent and anisotropic electronic and photonic properties, and
has shown promising potential in nanophotonic, nanoelectronics and energy storage
applications. However, the application of BP in practical devices is hindered by its
high commercial cost. To further reduce the cost and accelerate the development of
BP, a highly efficient preparation strategy for low-cost BP must be found. Herein,
we report such a method via a modified chemical vapor transport (CVT) method by
replacing high-purity red phosphorus (RP) with a low-purity precursor counterpart.
We show that this method can drastically reduce the cost of manufacturing by
several orders of magnitude. Furthermore, the BP produced using low-cost RP
shows nearly the same crystal quality, high purity, local chemical structure and
electronic properties as the high-cost BP prepared with high-cost RP. Most
importantly, exfoliated phosphorene nanosheets prepared from the low-cost BP
exhibit promising HER activity. Owing to the high quality and high conversion
efficiency, the low-cost BP holds promising potential in future scientific research
and industrial applications.

4.1 Introduction
Black phosphorus (BP) was first prepared in 1914 by Percy W. Bridgman and has recently
been rediscovered as a novel two-dimensional (2D) layered material that can be exfoliated
into single/few-layer sheets, denoted as “phosphorene”.1-3 The revival of BP lies in its
unique properties, especially the thickness-dependent and anisotropic characteristics.
Different from other 2D materials (e.g. graphene, transition metal dichalcogenides (TMDs)

* A version of this Chapter has been published on ACS Appl. Nano Mater. 2020, 3, 7508−7515
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and hexagonal boron nitride (hBN)), BP exhibits a thickness-dependent electronic band
structure with tunable direct bandgap (from ~0.3 eV in bulk structure to ~2.0 eV in
monolayer structure) and charge-carrier mobility (up to 1000 cm2V-1s-1 for the thickness of
~10 nm).4, 5 Furthermore, BP displays exciting advantages over graphene, TMDs and hBN
owing to its strong in-plane anisotropic electrical, thermal, optical and phonon properties,
resulting from the lower symmetry of the puckered layer structure.6-9 These unique physical
properties provide promising opportunities for its wide applications in nanophotonics,
nanoelectronics, optoelectronics and energy devices. Among energy-related fields,
electrocatalysts used for hydrogen evolution reaction (HER) are critical to the production
of sustainable hydrogen. 6, 10-16 However, the application of BP in practical devices is highly
hindered by two factors; the fast degradation of phosphorene upon exposure to air, and the
extremely high cost of commercially available BP single crystals.17, 18
In the case of the degradation of BP, several groups have studied the degradation
mechanism and provided several protection strategies (e.g. passivation layers and doping
with heteroatoms) for bulk BP and phosphorene.19-23 To address the high cost, significant
efforts have been put forward to find suitable methods to synthesize large-scale and lowcost BP. Following the high-pressure method by Percy W. Bridgman in 1914, large BP
single crystals (several mm3) were prepared using a wedge-type cubic anvil or multianviltype high-pressure apparatus .24, 25 The large BP crystals obtained from this method are
ideal for the study of specific physical and chemical properties. However, the high-pressure
method relies on specialized and complicated apparatus, and it is not suitable for wide
utilization and large-scale industrial applications. In addition to the high-pressure method,
mercury catalysis and bismuth flux methods have also been deemed to be unviable due to
being ecologically damaging, too complicated, and/or time consuming.26, 27 To achieve an
easy, eco-friendly and efficient way to synthesize BP, Nilges et al. in 2008 developed a
facile and fast chemical vapor transport (CVT) strategy to prepare large BP crystals using
red phosphorus (RP), Sn-Au alloy and SnI4 as mineralization additives, which shortened
the growth process from 5~10 days to 70 h.28, 29 The Nilges group later improved the
preparation process using Sn and SnI4, resulting in a drastic reduction of side phases like
Au3SnP7, AuSn, or Au2P3 .30 In addition to the successful preparation of BP crystals by
CVT method, Zhang et al. realized the preparation of BP films on silicon substrates via a

101

gas phase growth strategy.31 Via an epitaxial nucleation design, the thickness of BP films
is controllable after a further lateral growth control. While the CVT strategy enables the
preparation of BP with affordable price (around 600 USD/gram) for specific research, the
cost of BP crystals is still a crucial barrier for industrial and large-scale applications.18
To further reduce the cost of BP crystals, the rational design of a modified CVT method
based on Nilges’ work should be considered for BP growth.28-30 In 2016, two groups
reported a similar strategy to reduce the cost of BP preparation by replacing the SnI4
mineralizer in the earlier procedure with iodine (I2).32,

33

Experimental results and

theoretical calculations have confirmed the key role of I2 and Sn in the synthesis of BP.34,
35

Up to now, all previous modification strategies of the CVT method aiming to reduce the

cost of BP have focused on the mineralizers in BP crystal growth. Nevertheless, only a
small amount of the mineralizer (e.g. I2 or SnI4) was applied in BP crystal growth (tens to
hundreds of milligrams) and it is not the dominant factor in the cost of BP. RP is the main
factor controlling the final cost of BP (white phosphorus is ruled out due to its highly
reactive, pyrophoric and hazardous characteristics). To the best of our knowledge, all
previous reports showing successful preparation of high-purity BP via the high-pressure or
CVT methods always utilized high-purity RP (99.99 to 99.999+ %, trace metal basis) as
the precursor. High-purity RP is high cost and unacceptable for large-scale industrial
application. Additionally, one previous work also confirmed that there are still several
types of impurities in BP prepared through the CVT method, which needs to be modified
to reduce the percentage of the impurities inside.36 Therefore, it would be more beneficial
to use low-cost RP, such as commercially available low-purity RP (e.g. 97 to 99 %, trace
metal basis) to prepare high-quality BP with low-cost. The main obstacle for the utilization
of low-purity RP is the impurities (e.g. Fe, Mg, and O), which should be absent from the
grown BP products. Considering the two main BP preparation methods, it is immediately
apparent that while the impurities cannot be removed from the final BP products prepared
via the high-pressure method, it is entirely possible to realize the exclusion of impurities
via the CVT method if the impurities would not participate in the vapor transport process.
Herein, we report a modified CVT method using low-purity RP as a precursor and Sn and
I2 as mineralization additives, by which we have realized a highly-efficient preparation
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method for low-cost BP. Using a modified CVT method, we have prepared large and highquality BP crystals from the low-purity RP in a moderate period of time. Additionally, no
noticeable impurities in the low-purity RP have been transported to the final BP products
while nearly 97% of RP has been converted to BP, ensuring the high-purity level of the BP
crystals with high conversion efficiency. Most importantly, the utilization of low-purity RP
can drastically reduce the cost by several orders of magnitude over that of the BP prepared
from high-purity RP. Based on the low-cost BP, exfoliated phosphorene nanosheets have
also been prepared, showing promising HER activity. Thus, this modified CVT method
shows promising potential in future scientific research and industrial applications.

4.2 Experimental Section
Preparation of black phosphorus:
0.2 g low-purity red phosphorus (≥97%, trace metal basis, Sigma-Aldrich) or high-purity
red phosphorus ( ≥ 99.99%, trace metal basis, Sigma-Aldrich), 0.0219 g tin powder
(99.995%, metal basis, Alfa Aesar) and 0.0081 g iodine (99.999%, metal basis, Alfa Aesar)
were sealed in silica ampules of ~11 cm length and an inner diameter of 8.5 mm under
vacuum. Then the sealed silica ampules were placed in a tube furnace (Thermo Fisher
Scientific) with the side of the ampules containing the starting raw materials located at the
middle to realize the temperature gradient. The sealed ampules were firstly heated to 650
°C for 5 h with a heating rate of 85 °C/h and then cooled down to 550 °C for 6 h with a
cooling rate of 14°C/h. Then, the sealed ampules were further cooled down to 500 °C for
8 h with a cooling rate of 35°C/h. Finally, the sealed ampules were further cooled down to
room temperature with a cooling rate of 25°C/h. After the growth process, the black
phosphorus (BP) was only located at the growth side in the quartz tube, while the
byproducts, including the impurities in low-purity RP, Sn4 P3 and SnP3 were left at the
starting side in the quartz tube. After the quartz tube was opened, the BP crystals were
separated from the byproduct. The obtained BP crystals were washed with acetone to
remove the iodine residuals in an argon-filled glovebox. Finally, low-cost and high-cost
BP was obtained.
Preparation of phosphorene:
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45 mg of bulk black phosphorus (low-cost BP and high-cost BP) was immersed in 45 mL
of N-Methyl-2-pyrrolidone (NMP). The solution was then used for liquid exfoliation by
bath-sonication (Branson Ultrasonics™, M2800) for 12 h. Subsequently, the as-prepared
dispersions were centrifuged at 13000 rpm for 1h to extract the top half of the dispersion
to obtain the phosphorene. The concentration of obtained phosphorene solution is around
0.2 mg mL-1 . We also got the thicker phosphorene by tuning the centrifugation speed to
7000 rpm for 1 h.
Characterization:
The structure of the low-purity red phosphorus, high-purity red phosphorus and obtained
BP crystals were characterized by a Hitachi S-4800 field-emission scanning electron
microscope (FESEM) equipped with energy dispersive spectroscopy (EDS) and Bruker
AXS D8 Advance X-ray diffraction (XRD) with Cu Kα radiation (λ = 1.54178 Å). Raman
spectra were measured with a HORIBA Scientific LabRAM HR Raman spectrometer
operated with an incident laser beam at 532.03 nm. The P 2p X-ray photoelectron
spectroscopy (XPS) and P L2,3-edge X-ray absorption near edge structure (XANES) spectra
were collected at the Variable Line Spacing Plane Grating Monochromator Beamline
(VLS-PGM) at the Canadian Light Source (CLS). The P K- edge XANES spectra of BP
crystals were collected at the Soft X-ray Microcharacterization Beamline (SXRMB) at
CLS.
Electrochemical measurements:
Electrochemical measurements were performed in a three-electrode system at an
electrochemical station (Autolab) with a reversible hydrogen electrode (RHE) which was
prepared every time before measurementsand Pt wire as the reference and counter
electrodes. Typically, the ink for electrochemical measurement was prepared by adding 10
µL Nafion (5% solution, Sigma-Aldrich) into 10 mL phosphorene solution followed by
sonication for 10 min. A working electrode was prepared by loading the ink (20 µL) onto
a glassy carbon electrode with the diameter of 5 mm, which was dried under vacuum for
around 2 h. Linear sweep voltammetry was carried out in 0.1 M HClO4 using a scan rate
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of 10 mV s -1 for the hydrogen evolution reaction. All the potentials were calibrated to a
RHE.

4.3 Results and Discussion
Herein, we describe a modified CVT method that can produce high-quality BP with high
conversion efficiency. In this study, we tracked the growth process of this method by
comparing the characteristics of BP crystals prepared from low-purity RP and high-purity
RP. The low-purity (≥97%, trace metal basis) and high-purity RP (≥99.99%, trace metal
basis) were used for BP crystal growth as purchased without further purification. Both
display the typical crystal structure of amorphous RP (See Supporting Information, Figure
S4-1). Figure S4-1a shows the X-ray diffraction (XRD) patterns of low-purity and highpurity RPs; both exhibit similar patterns with four broad peaks at 2θ ≈ 15°, 32°, 42° and
55°. The very broad peaks suggest the presence of medium-range structural order in both
RPs, in accordance with the Raman spectra shown in Figure S4-1b.37 Both RPs display
the typical wide Raman peaks between 200 and 500 cm-1 with similar intensity, suggesting
similar disordered crystal structures.38
In the case of the impurities in low-purity RP, scanning electron microscopy (SEM)
combined with energy-dispersive X-ray spectroscopy (EDX) was carried out to study the
morphology and composition of both high and low-purity RP. As shown in Figure S4-2a
and S4-2b, both low-purity and high-purity RPs present polygon-type morphologies with
the size ranging from 1 to 20 µm. Additionally, based on the EDX result shown in Figure
S4-2c, high-purity RP displays only phosphorous with just one sharp peak at around 2 keV
(P Kα), indicating no obvious impurities. However, the low-purity RP, as expected, shows
several obvious impurities, including O, Fe, Na, Mg, Al and Ca, resulting from the
preparation and storage process of commercial RP.39 Furthermore, the impurities are
uniformly distributed based on the EDX spectra (See Supporting Information, Figure S43).

105

Figure 4-1. (a) Schematic illustration of the modified CVT process used to grow low-cost
BP. (b) Digital photographs of the sealed silica ampoule before and after the CVT growth
process with low-purity RP as the precursor. The inset in (b) shows a magnified photograph
of the obtained low-cost BP.
Figure 4-1a displays the schematic of the modified CVT process with low-purity RP as
the precursor and Sn and I2 as the mineralizer additives. All raw materials were sealed in
quartz ampules under vacuum, which were then placed in the furnace with a temperature
gradient. As discussed above, I2 and Sn have been confirmed to be a pair of effective
mineralizer additives which can transport phosphorus from the high temperature (HT) side
to low temperature (LT) side and facilitate the BP crystal growth (Figure 4-1).35 Since the
impurities cannot participate in the CVT process, the impurities (including: Sn4P3 , SnP3
and other impurities) located at the HT side were naturally separated from the BP crystal
grown at the LT side when the ampoule was cooled down to room temperature (RT).
Figure 4-1b shows the digital photograph of the sealed quartz ampules with the raw
materials, displaying a mixed of yellow and red color on the inner surface of ampules owing
to the sublimation at high temperature and the deposition of P and I2. Figure 4-1b also
shows the digital photograph of the quartz ampule after BP growth, where it can be seen
that BP crystals with a cone shape (around 5 mm size) were grown at the LT side while the
byproducts formed from the impurities in RP was left at the HT side. Since the BP crystals
and the by-product gathered on the opposite sides in the quartz tube, they can be easily
separated by breaking the quartz tube into two parts. Then the BP crystals were peeled off
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the quartz tube. Therefore, BP crystals can be synthesized from low-purity RP via the
modified CVT process and impurities can be separated from the product. Thus, the use of
low-purity RP can drastically reduce the overall cost to an affordable level. BP crystals
prepared from low-purity RP are hence forth denoted as low-cost BP. The high-purity RP
was used to grow BP crystals via the CVT method under the same growth parameters,
denoted as high-cost BP, for comparison.
As shown in Figure S4-4, high-cost BP was also synthesized at the LT side with the gray
color byproduct left at the HT side, which is different from the black-color byproducts
formed during the low-cost BP growth process (Figure 4-1b). As shown in Figure S4-5a
and S4-5b, the byproduct of the low-cost BP shows spherical morphology (diameter: ~ 40
µm) mixed with other smaller particles with the compositions of O, Fe, Na, Mg, Al and Ca
originating from the impurities in low-purity RP, I and Sn from the CVT process. EDX of
the byproduct indicates that the impurities did not participate in the CVT process and were
left at the raw material side after BP growth. The reason why the impurities in the highpurity RP raw materials cannot participate the CVT growth process is related to the reaction
mechanism. The elements (e.g. P) that can participate in the CVT growth should form
iodides during the heating process. The elements of the impurities in the high-purity RP
raw materials cannot form corresponding iodides, resulting in that the impurities cannot
the BP growth process and the absence of impurity elements in the final low-cost BP
products. The impurities were left at the starting material side. Elemental iodine has not
been detected, possibly because of it is volatile nature. Compared with the byproduct of
the high-cost BP, that of the low-cost BP shows similar crystalline Sn-phosphide phases of
Sn4P3 and SnP3, which is in accordance with previous reports (Figure S4-5c).30, 34 In the
case of the byproduct of low-cost BP, no crystalline impurity phases were been detected.
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Figure 4-2. SEM images of (a) low-cost BP and (b) high-cost BP crystals and (c) EDX
result of both BP crystals.

Upon separating BP crystals from the byproducts, one low-cost BP crystal with the mass
of 0.1874 g was obtained with a high conversion efficiency of ~96.6 wt% based on the
phosphorus composition in low-purity RP, which is almost the same as that of high-cost
BP (Figure S4-6). The reason why the conversion ratio is calculated based on the P weight
in the starting materials is that this calculation can provide more accurate chemical reaction
information. Regarding the cost of low-cost and high-cost BP preparation, the cost of lowcost BP is around 255 times lower than that of high-cost BP based on the price of RP
precursors (high-purity RP: 28 USD/g, low-purity RP: 0.11 USD/g). The high conversion
efficiency indicates that the impurities in low-purity RP do not affect the CVT process,
making it entirely feasible to use low-purity RP to grow BP crystals via the CVT method.
Furthermore, the produced low-cost BP shows the same crystal quality compared with
high-cost BP. As shown in Figure 4-2a & 4-2b, both BP crystals display a clean surface
without apparent mineralizer residuals. Additionally, the EDX spectra shown in Figure 2C
confirms purity in both the low-cost and high-cost BP, showing no noticeable impurities
from the low-purity RP starting material (Figure S4-2). In particularly, no oxygen has been
found in the low-cost BP, while elemental oxygen is one of the main compositions in the
low-purity RP starting materials. The reason is also related the modified CVT growth
process. Since elemental oxygen in the low-purity RP should come from impurities, such
as metal oxides, which cannot participate in the BP growth process. The absence of oxygen
in the obtained low-cost BP crystal makes the material one promising candidate for
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practical application in nanophotonics and nanoelectronics. Furthermore, the impurity
level of low-cost BP has been quantified via inductively coupled plasma mass spectrometry
(ICP-MS), exhibiting a high purity level of ~99.9 at%, which is similar to the high-cost
BP. To further confirm the purity level of the obtained low-cost BP, we carried out X- Xray photoelectron spectroscopy to get the detailed chemical information regarding different
elements, including P, Sn and I. As shown in Figure S4-7 (See Supporting Information),
clear peaks belonging to P 2s & 2p peaks can be found, while the intensity of the peaks
belonging to Sn and I is negligible, indicating very low impurity level in the final BP
product. The phosphorus content in the low-cost BP is around 99 wt% calculated based on
the XPS peak intensity. The purity level of our low-cost BP is consistent with the previous
BP crystal growth results.29, 30 Since the purity level determines the electrical properties of
BP crystals, it has a crucial influence on the application in electronics. We used a fourpoint probe to test the electrical conductivity of low-cost and high-cost BP crystals, as
shown in Figure S4-8 (See Supporting Information). The electrical conductivity of the
low-cost and high-cost BP crystals is 72 and 74 S/m, respectively, consistent with the
previous reports.40, 41 The similar electrical conductivity of the low-cost and high-cost BP
crystals indicates the similarly high purity level. Since this modified CVT method can use
low-purity RP as raw materials to prepare BP crystals, it is reasonable to control the defect
and doping concentration in the final products. As there are already several works that
reported the preparation of Se, or S-doped BP,42, 43 it is reasonable to introduce dopant
elements in the raw materials, such as Se or S powder, which can participate in the BP
crystal growth process. The concentration of defects and doping concentration can be
controlled by modifying the amount of Se or S powder in raw materials and also by
modifying the growth temperature and time.
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Figure 4-3. (a) XRD patterns and (b) Raman spectra of low-cost BP and high-cost BP
crystals.

Figure 4-3a shows the X-ray diffraction (XRD) patterns of the low-cost BP and high-cost
BP, exhibiting the same three main peaks located in the same positions, corresponding to
(0k0) of BP’s orthorhombic crystalline orientation.30, 34 Moreover, the sharp XRD peaks in
both patterns indicate high crystal quality without crystalline impurities in both BP crystals,
consistent with the Raman spectra shown in Figure 4-3b. Both BP crystals display three
main peaks, corresponding to the typical high-frequency Raman modes (Ag1, B2g, and Ag2)
and the same high degree of crystallinity.

Figure 4-4. (a) Synchrotron-based P 2p XPS spectra (excitation photon energy: 240 eV),
Normalized XANES spectra acquired with TEY mode at the P L2,3-edge (b) and the P Kedge (c) of low-cost BP and high-cost BP.
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In addition to the crystal structure, the local chemical environment of low-cost BP has been
also studied by synchrotron-based P 2p X-ray photoelectron spectroscopy (XPS).44, 45 P 2p
XPS measurements were carried out using the excitation photon energy of 240 eV, which
is highly surface-sensitive (probing depth of around 0.5 nm, since the kinetic energy of P
2p peaks of ~105 eV is near the minimum of the universal electron escape depth which is
the distance that an electron escapes to surface without significant energy loss). As shown
in Figure 4-4a, two XPS peaks at around 130.06 and 130.94 eV represent the P 2p3/2 and
2p1/2 core levels with a spin-orbit split of ~0.88 eV. Based on previous XPS studies of
degraded BP, oxidized BP always shows additional 2p XPS peaks at higher binding energy,
corresponding to phosphorus oxides or phosphate (e.g. 135 eV).46 However, low-cost BP
only shows two XPS peaks without the additional phosphorus oxide peaks, indicating its
high chemical purity without degradation on the surface. Furthermore, the local chemical
and electronic structures have been studied by X-ray absorption near edge structure
(XANES) at the P L2,3 and K -edges (Figure 4-4b & 4-4c) acquired by the total electron
yield (TEY) mode, showing probing depths of ~5 and ~tens of nanometers, respectively,
tracking the densities of states above the Fermi level with 3d and 3s, and 3p transitions,
respectively. Consistent with the P 2p XPS, the first two peaks at P L2,3-edge XANES
spectrum of low-cost BP correspond to electron transitions from 2p3/2 and 2p1/2 orbitals to
the unoccupied 3d orbital and 4s states above the Fermi level, according to the dipole
selection rules, while other peaks at higher photon energy might be due to multiple
scattering effects.47, 48 In the case of the P K-edge XANES spectrum of low-cost BP, one
absorption peak with the white line at around 2145.2 eV is related to the electron transition
from P 1s orbital to the unoccupied 3p state.47 Unlike XPS, XANES spectra are sensitive
to both oxidation state and coordination environment of P. Furthermore, the XANES
spectra of low-cost BP at both P L2,3 and K -edges show typical features of standard BP,
indicating high crystal quality without obvious oxide defects. Compared with the high-cost
BP, low-cost BP shows the same XPS and XANES spectra, suggesting the same crystal
quality with the same local and electronic structure in both BP crystals and the as-prepared
crystal appears to be less susceptible to degradation. Compared with previous prepared BP
crystals,29, 32, 33 the prepared BP crystal in our work shows high elemental purity, good
crystalline degree, and reasonable electronic structure, which is confirmed by several
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characterization methods, including SEM-EDX, ICP, XRD, Raman, XPS and XANES.
Therefore, it is reasonable to confirm the high quality of the prepared BP crystals.

Figure 4-5. (a) TEM, (b) HRTEM images and (c) synchrotron-based P 2p XPS spectra
(excitation photon energy: 240 eV) of phosphorene nanosheets, and (d) LSV curves of
phosphorene catalyst for hydrogen evolution in 0.1 M HClO4 .

Owing to the extremely low cost of this modified CVT method, low-cost BP shows great
promise for future applications. Various applications of BP including nanophotonics,
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nanoelectronics, energy storage devices, and catalysis such as the hydrogen evolution
reaction (HER) and oxygen evolution reaction (OER) are mainly based on exfoliated
phosphorene.

10-12

To explore the HER activity of the low-cost BP, phosphorene was

prepared through liquid exfoliation in N-methyl-2-pyrrolidone (NMP). The thickness can
also be controlled by tuning the centrifugation speed (See the Experimental section in the
Supporting Information). Figure 4-5a shows the transmission electron microscopy (TEM)
image of the prepared phosphorene, displaying a nanosheet morphology with sizes from
20 nm to 50 nm. The clean and smooth surface of the obtained phosphorene indicates no
obvious impurities and oxidation after the exfoliation process.17 Additionally, highresolution TEM (HRTEM) images of the edge section exhibits a typical crystalline
structure with a lattice spacing of 0.52 nm corresponding to the (020) crystal plane (Figure
4-5b). The total thickness of the selected edge of phosphorene is around 10 layers. To
further confirm the chemical information, the obtained phosphorene was also studied by
the synchrotron-based P 2p XPS. As shown in Figure 4-5c, two XPS peaks at around
130.06 and 130.94 eV represent the P 2p3/2 and 2p1/2 core level with a spin-orbit split of
~0.88 eV without any peaks at higher photon energy, indicating the absence of oxidation
of phosphorene during the exfoliation process.49 Furthermore, the HER catalytic activity
of phosphorene was studied via electrochemical measurements using a typical threeelectrode configuration in 0.1 M HClO4 solution. Phosphorene was deposited on glassy
carbon electrode and dried under vacuum to avoid degradation under ambient atmosphere.
Figure 4-5d shows the linear sweep voltammetry (LSV) curves of phosphorene and glassy
carbon. As a comparison, the HER catalytic activity of phosphorene prepared from highcost BP was also tested as shown in Figure S4-10 (See Supporting Information). The
prepared low-cost phosphorene showed a much negative onset potential compared with
that prepared from high-cost BP. In acidic solution, the HER always followed the VolmerHeyrovsky reaction mechanism, which involves the discharging and H desorption process.
According to the work from Zdenĕk Sofer et al., the edge-plane BP showed much higher
catalytic activity than the basal BP.50 In our work, we believe the higher catalytic activity
on low-cost phosphorene is attributed to the higher amount of edge defects than that on
high-cost phosphorene, which lead to more exposed active sites and also facilitate the
charge transfer process. The phosphorene derived from low-cost BP shows comparable
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HER catalytic activity and low onset potential compared with previous literature results,
indicating the promising potential of phosphorene for HER applications.11, 51 We are trying
to increase the electrochemical activity and extend the applications of low-cost BP by other
methods such as heteroatoms doping. Further detailed studies over these samples will be
performed in the following chapters. In addition to the application of BP as one HER
catalyst, the prepared BP material can also be used as a promising anode material for
lithium-ion & sodium-ion batteries due to its high theoretical capacity (2595 mAh/g ) and
low cost.52 The application of the prepared BP in secondary batteries will be introduced in
chapter 6.

4.4 Conclusion
In summary, we have developed a modified CVT method with low-purity RP as a precursor
to replace high-purity BP and realized the high-efficiency preparation of low-cost BP. To
the best of our knowledge, this is the first work to show the successful preparation of highquality BP from low-purity RP with a high conversion efficiency of around 97%.
Additionally, the growth mechanism of low-cost and high-quality BP has been intensively
studied, confirming that the impurities in low-purity RP cannot participate in the BP growth
process. Furthermore, compared with the high-cost BP, the produced low-cost BP exhibits
the same crystal quality, high purity level, as well as local and electronic structures, making
it suitable for application in nanophotonics, nanoelectronics and energy storage. The
exfoliated phosphorene nanosheets prepared from the low-cost BP show promising HER
activity, producing the same performance as high-purity RP stating materials. Compared
with the current high price of commercial BP, the price of low-cost BP introduced in this
work is drastically reduced by hundreds of times, showing promising potential in future
scientific research and industrial applications.
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4.6 Supporting Information

Figure S4-1. (a) XRD patterns and (b) Raman spectra of high-purity and low-purity RP.

Figure S4-2. SEM images of low-purity RP (a) and high-purity RP (b) and (c) the related
EDX result.
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Figure S4-3 (a) SEM image and (b ~ h) EDX mapping of low-purity RP

Figure S4-4. Digital photographs of sealed silica ampoule with high-purity RP as the
precursor (a) before and (b) after the CVT process.
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Figure S4-5. (a) SEM image and (b) EDX result of the byproduct formed during the growth
process of low-cost BP and (c) XRD patterns of two kinds of byproducts formed during
the growth process of low-cost and high-cost BP.

Figure S4-6. Digital photographs of (a) high-cost BP and (b) low-cost BP with the mass
and conversion ratio of each BP crystal calculated based on the elemental P weight in the
starting materials.
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Figure S4-7. Laboratory XPS survey spectra of low-cost BP. The intensity of peaks
belonging to O 1s and C 1s should come from the testing environment since there is no
oxidation of BP crystals based on the synchrotron-based XPS result.

Figure S4-8. Schematic illustration of the electrical conductivity measurement system
using a four-point probe to test the electrical conductivity of BP crystals.
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Figure S4-9. TEM images of phosphorene nanosheets obtained through centrifugation
with the speed of 7000 rpm.

Figure S4-10. LSV curves of phosphorene catalyst prepared from high-cost BP for
hydrogen evolution in 0.1 M HClO4 .
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Chapter 5

5

Revealing dopant local structure of Se-doped black
phosphorus* 3

Black phosphorus has been reported as a remarkable 2D material due to its unique
electrical, optical and thermal properties, leading to promising device applications in
optics, thermoelectricity, physics, material science and energy storage. Indeed, the intrinsic
band structure of black phosphorus is adjustable through doping various heteroatoms to
further improve the electrical and optical performance. However, it is difficult for
traditional characterization methods (e.g. X-ray diffraction or X-ray photoelectron
spectroscopy) to give a clear picture of the local structure around the dopant atoms. To
solve this problem, we have applied synchrotron based- XAS techniques like XANES and
EXAFS combined with Density Functional Theory (DFT) calculations to reveal the local
structure around Se dopant in Se-doped BP. The results show that Se exists as both dopant
and pure Se in Se-doped BP, while the ratio of dopant to pure Se increases with increasing
Se content in the raw material. This is the first confirmation of the co-existence of two
dopant element phases in the doped-BP literature. Meanwhile, the introduction of Se
successfully decreases the bandgap and resistivity of BP. In addition, the bandgap and
resistivity can be further reduced by increasing the amount of Se.

5.1 Introduction
Black phosphorus (BP), as a two-dimensional material, has attracted interest in recent
decades due to its unique properties—direct and tunable bandgap (0.3 ~ 2 eV from bulk
BP to monolayer phosphorene)1-3, and ultrahigh carrier mobility (up to 1000 cm2 V-1 s-1)4 .
Additionally, BP possesses high in-plane anisotropy leading to wide applications in physics
(e.g. optics, thermoelectricity), material science and energy storage5-7. Interestingly, the
thickness-dependent bandgap is one of the most significant intrinsic properties of BP,
which has been used to modify the electron interactions and hence electrical and optical

* A version of this Chapter has been published in Chem. Mater. 2021, 33, 2029−2036

125

properties8, 9. However, other approaches, like mechanical stress and electric field
adjustment, may be required to modify the bandgap of BP to meet demands where a
specific thickness is required10, 11. Thus, the practical applications of these methods are
limited.
Compared to stress/strain and electric field methods, heteroatom doping of BP as a method
is an easy approach that can adjust the intrinsic band structure of BP without the use of
additional devices, increasing or decreasing its bandgap to improve the optical or electronic
performance in different devices. K has been reported to be deposited on the surface of
few-layer BP through in situ surface doping under ultra-high vacuum using a commercial
source (SAES Getters), shifting the overall band structure of BP towards higher energies
at low dopant density. When further increasing the dopant density in BP, a transition from
moderated-band semiconductor to zero-gap semimetal is found 12. Al can also be doped at
the surface of few layer BP, forming Al-P bonds and enhancing the electron mobility to
over 6 times (~ 10.6 cm2 V–1 s–1) that of pure BP13. In addition to K and Al, other elements,
including As, Ge, S, Te and Se, have also been reported to be doped into BP by (HTHP,
CVT or ball-milling methods14-21. Among these, S and Te doping can drive the conduction
band minimum of BP below the redox potential of O2/O2-. Thus, the ambient stability of
S-doped BP and Te-doped BP is improved, showing enhanced air stability compared with
BP when applied to field-effect transistors (FETs)14, 15, 19. Similarly, as prepared Se-doped
BP is reported to show a reduced bandgap compared with undoped BP, which results in an
improvement of electrical conductivity and enhanced electrical/optical performance of BP
based materials in both FETs and photodetectors17, 18, 20.
To confirm the presence of dopants, several characterization methods have been carried
out in previous works such as XRD, EDX, and XPS14-22. However, the introduction of
dopants will only induce partial disorder around the dopant atoms rather than change the
overall structure, while XRD is sensitive to long-range ordered crystalsand thus can only
work with high dopant concentrations where the overall lattice is shrunk or expanded.
EDX is sensitive only to element and concentration but cannot confirm if the dopant
elements are substituting the host element or existing outside of the host crystal lattice. In
addition, although XPS can separate the existing states of the dopant element, such a near-
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surface-technique is insufficient to see the whole picture of the doped material. Thus,
traditional characterization methods cannot give the whole picture of the local structure
around dopants and their effect on the lattice of BP.
As another type of characterization method, XAS measures the electron transitions from
core to unoccupied bound, quasi-bound and continuum states. The excited electron samples
the surrounding atoms and brings the information back in the form of the modulation of
the atomic absorption cross-section (in the free atom) and thus, is sensitive to local
chemical state changes23. Importantly, this powerful technique has a detection limit of 1
ppm using X-ray fluorescence yield. XAS is conventionally divided into XANES and
EXAFS. XANES is sensitive to electron transitions in the bound and quasi bound region
and thus can confirm the existence of dopant by measuring oxidation states and electron
transfers between the dopant and elements being doped24. EXAFS can give information
about the distance and coordination numbers of the target element, hence, can see the local
environment of the dopant. Combined with the DFT calculations, the local structure around
the dopant can be confirmed25.
Here in, in this chapter, we fabricate a Se-doped BP (SeBP) with differing Se weight ratios
by CVT synthesis. The local structure around Se in SeBP is predicted by DFT calculation
and further confirmed by EXAFS fitting. By combining DFT calculation with EXAFS, we
confirmed that the as-prepared product contains a mixed phase of Se-doped BP and pure
Se. This is the first confirmation of the co-existence of two phases of the dopant element
in the doped-BP literature. Our study also suggests that SeBP shows lower bandgap and
higher conductivity than does pure BP. Additionally, the reduced bandgap and the
increased conductivity are consistent with the increasing amount of Se dopant.

5.2

Experimental Section

Synthesis of BP and Se-doped BP
Black phosphorus and Se-doped black phosphorus (SeBP) were prepared by chemical
vapor transport (CVT). (1) For undoped BP, 31.7 mg Sn and 13.5 mg I2 as catalysts were
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sealed in one side of the evacuated quartz ampoule with 150 mg red phosphorus (97%,
Sigma, RP). The pressure of the ampoule was evacuated to lower than 10-3 mbar. Then the
sealed ampoule was transferred to a tube furnace and the side with raw materials was placed
in the middle of the furnace. After heating to 650 °C in 8 hours, the temperature was
maintained for 5 hours and was slowly cooled down to 550 °C and kept at this temperature
for another 6 hours. Subsequently, the temperature was cooled down to 500 °C,
maintaining for 8 h. In the last step, the furnace was finally reduced to room temperature
in 30 h. (2) In the case of SeBP, 1 mg (SeBP-0.1), 3 mg (SeBP-0.2) or 5 mg (SeBP-0.4) Se
was mixed with 150 mg RP (99.99%, Sigma), 31.7 mg Se and 13.5 mg I2 as the reactant.
The growth process of SeBP is the same as that of pristine BP.

Characterization of Se-doped BP
The morphology and elemental deposition of SeBP were investigated by the Hitachi S4800 field-emission scanning electron microscope (FESEM) equipped with energy
dispersive spectroscopy (EDX). The micro-Raman spectra were collected by a HORIBA
Scientific LabRAM HR Raman spectrometer system equipped with a 532.4 nm laser. The
crystal ordering was measured by XRD using Cu Kα radiation (Bruker AXS D8 Advance).
The XPS measurements were performed on a Kratos AXIS Supra at Surface Science
Western. Inductively coupled plasma mass spectrometry (ICP-MS) was used to confirm
the weight ratio of Se in SeBP. The bandgap and electrical conductivity of SeBP were
tested by ultraviolet-visible absorption spectroscopy (UV-vis) and four-point probe
method.

XANES and EXAFS measurements
P K-edge XANES and EXAFS of pristine BP and SeBP were collected at the Soft X-ray
Microcharacterization Beamline (SXRMB, 06B1-1), Canadian Light Source, Saskatoon,
Canada. The experiment was done in fluorescence detection mode. Si (111) was used as
the monochromator. The XANES data were collected in the energy range from 100 eV
below the absorption edge to 40 eV above the absorption edge. The step size was 2 eV
between -100 and -4 eV and 0.15 eV between -4 and 40 eV. The EXAFS data were
collected to 10 Å-1 with the step size of 0.05 Å-1.
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Se K-edge XANES and EXAFS measurements were performed at Hard X-ray
MicroAnalysis Beamline (HXMA, 061D), Canadian Light Source. Each spectrum of the
SeBP sample was collected with Se Kα in fluorescence yield mode with a solid-state
detector. As a reference spectrum, Se foil was set at the downstream position of the SeBP
sample and measured in transmission mode at the same time. The sample were sealed with
Kapton tape to avoid oxidation. The XANES data were collected between 50 eV below the
absorption edge and 50 eV above the absorption edge with the step size of 0.5 eV. The
EXAFS data were collected to 15 Å-1 with the step size of 0.05 Å-1.

5.3

Computation Methods

DFT calculation: Density functional theory calculations were performed to theoretically
investigate the possible Se doping position in black P structure (black P-Se). The
calculation was conducted to both static computation and geometry optimization of black
P-Se using the CASTEP DFT code of Accelrys Material Studio with the exchangecorrelation function of Perdew-Burke-Ernzerh (PBE) based on generalized gradient
approximation (GGA). The cut-off energy for the plane-wave basis was set as 270.0 eV. A
k-point mesh of 2 × 2 × 2 was adopted and the SCF tolerance was set as 5.0 × 10-6 eV Å-1.
The atomic positions and cell parameters were fully relaxed to obtain total energy and
optimized cell structure.

EXAFS fitting:
EXAFS characterization was guided by the theoretical DFT modeling and focused on the
Se nearest neighbor local structural environment. The Fourier transform (FT) features of
the EXAFS in R space between 1.4 - 4.0 Å were considered. Following the prediction of
DFT model P-Se3, the corresponding Se local structural environment was derived and used
for theoretical amplitudes and phases scattering calculation by using the software FEFF
7.0226, 27, guiding the further EXAFS R-space curve fitting. The EXAFS data reduction and
the following R space curve fitting were performed using ATHENA software27 and
WINXAS28, respectively. The first inflection point of the Se K edge XANES was defined
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as the experimental E0. The post-absorption edge background was estimated by a cubic
spline fit. The Gaussian window function was used for the Fourier transform with a window
parameter of 30%. The R space curve fitting was performed for an R space data window
of 1.4-3.6 Å. The fitted parameters from the corresponding fitting paths are summarized in
Table 1.

XANES simulation:
Consistent with EXAFS characterization, XANES modeling by using software FDMNES29
was guided by DFT models. At first a Se-centred structure system was developed with the
cluster radius progressively increasing from 3.2, 4, 6, 7 to 8 Å, respectively. The XANES
modeling indicates that for those Se-centred clusters with radius ≥ 3.2 Å, the
experimentally resolved feature splitting and feature relative intensity for the Se K edge
XANES whiteline and the first post-white line peak are well reproduced by XANES
theoretical modeling, shown by the comparison between the experimental data system and
the modeled XANES based on the cluster of 6 Å in radius. XANES modeling has also been
performed for the rest of the 9 DFT models, revealing that P-Se3 is the best-fit DFT model.
Therefore, the results from DFT theoretical modeling, EXAFS R space curve fitting, and
XANES modeling supports each other regarding the Se bearing mechanism for BP.

5.4

Results and Discussion

Both Se-doped and undoped BP were synthesized through the CVT method. After heating
to 650 °C, the phosphorus vapor was transported with I2 and Sn to form BP during the
cooling process. For Se-doped BP, different amounts of Se powder (0 mg, 1 mg, 3 mg and
5 mg) were added into the mixture of raw materials. During the same process, Se was
transferred to the cold zone by gaseous I2 and then doped into BP. The resultant weight
ratio of Se in the product was confirmed by ICP-MS, showing that 0.1%, 0.2% and 0.4%
Se were transported with phosphorus gas and could be found in the final product when
adding 1 mg, 3 mg and 5 mg Se to the raw material, respectively. The obtained samples
were named SeBP-0.1, SeBP-0.2 and SeBP-0.4, respectively.
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Figure 5-1. (a) XRD pattern and (b) Raman spectra of BP and Se-doped BP with different
Se content. (c) Full-width-at-half-maximum of the Raman peaks Ag1, B2g and Ag2 of
undoped BP, SeBP-0.1, SeBP-0.2 and SeBP-0.4.
The structure characterization of undoped and Se-doped BP is shown in Figure 5-1. The
XRD patterns of SeBP with different Se contents are similar to undoped BP (Figure 5-1a).
All four spectra show obvious diffraction peaks of (020), (021), (040) and (060), indicating
the orthorhombic structure of both SeBP and undoped BP30. The small peaks at ~40 and
50~60 degrees reveal the (041) and (132) crystal planes of BP as well31. The Raman spectra
show three peaks of undoped BP, SeBP-0.1, SeBP-0.2 and SeBP-0.4 at 359.8 cm-1, 436.9
cm-1 and 463.8 cm-1, representing the Ag1, B2g and Ag2, respectively (Figure 5-1b)14, 15.
The Raman peaks are slightly broadened after Se doping, corresponding with the increasing
content of Se, which indicates the growing disorder in the BP lattice (Figure 5-1c and
Table S5-1)32, 33. Figure S5-1 demonstrates the morphology and elemental distribution of
SeBP-0.4. SEM imaging (Figure S5-1a) shows the layered structure originating from BP.
The existence of Se in BP is confirmed by the EDX spectrum (Figure S5-1b). The
corresponding EDX maps of P and Se show that the Se was uniformly distributed in the
BP (Figures S5-1c and S5-1d). X-ray photoelectron spectroscopy (XPS) was used to
further confirm the Se doping in BP (Figure 5-2). In the XPS spectra, the Se 3d peak
intensity of SeBP-0.1 is relatively low due to the low content of Se (Figure S5-2). As
shown in Figure S5-2 and Figure 5-2a, the overall Se binding energies of SeBP-0.1, SeBP0.2 and SeBP-0.4 shift to lower binding energy with the increasing Se dopant when
compared with Se(0) at 55.4 eV34. This observation indicates that with an increase in Se
loading, a larger percentage of electrons can transfer from P 3p to Se 4p states, inducing a
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shift in Se binding energy due to the increasing negative charge35, 36. We also separated the
overlap peaks with Se-Se and Se-P bonds. The result shows that the content of ratio of pure
Se decreases from 62.5% in SeBP-0.1 to 50% in SeBP-0.2 and 38.2% in SeBP-0.4 (Table
S5-2), which can support the conclusion of the electron transfer from P 3p to Se 4p states.
In contrast, the P 2p3/2 and P 2p1/2 peaks shift to higher binding energy from 129.7 eV/130.5
eV in the undoped BP to 129.8 eV/130.6 eV in SeBP-0.1, 129.9 eV/130.7 eV of SeBP-0.2
and 130.0 eV/130.8 eV in SeBP-0.4, in agreement with the energy shift shown in the Se
3d XPS spectra (Figure 5-2b). These observations clearly demonstrate the electron transfer
from P 3p to Se 4p states.

Figure 5-2. (a) Se 3d and (b) P 2p XPS spectra of BP and SeBP with different Se content.
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Figure 5-3. (a) Schematic of calculation of Se local structure by DFT simulation and
XAFS. Normalized XANES spectra of (b) P K-edge and (c) Se K-edge of BP and Sedoped BP with different doping content. (d) and (e) are the Fourier transform of (b) and
(c), respectively.

To understand the chemical state and local structure of the P host and Se dopant, we
combine DFT simulation with XAS (XANES and EXAFS). The schematic of the approach
is shown in Figure 5-3a. To clarify, we calculated 9 DFT models by putting Se atoms into
different sites in the BP layers. Afterward, the 9 DFT models were used to fit the EXAFS
spectra to find the most corresponding structure of SeBP. Figures 5-3b and 3c show the P
K-edge and Se K-edge XANES spectra of undoped BP and SeBP, respectively. The spectra
of each edge are normalized in the same range. As shown in Figure 3b, the main peak
located at 2144.2 eV is attributed to P(0), corresponding to the electron transition from P
1s to an unoccupied 3p orbital37. The P K-edge spectra of undoped BP and SeBP samples
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are very similar due to the limited amount of substitutional Se. This result is slightly
different from the P 2p XPS as XPS is more surface and chemical sensitive. On the other
hand, Se K-edge XANES spectra change dramatically after doping of different
concentrations of Se (Figure 5-3c). Compared with that of pure Se, the area of the peak at
12660 eV (whiteline) of Se K-edge spectra in SeBP decreases, indicating a lower density
of unoccupied Se 4p states38, 39. This is because of the electron transfer from P 3p to Se 4p
states, consistent with the XPS results. Even more significant are the oscillations in the
near edge region just beyond the whitelines, these multiple scattering features change
markedly, indicating that Se is in a very different environment in BP than in pure Se. The
overall FT with k weighting of the P K-edge and Se K-edge EXAFS spectra to R space are
shown in Figure 5-3d and 5-3e, respectively. The Fourier transform range in k space is
2.5-8 Å-1 for P K-edge and 3-13 Å-1 for Se K-edge EXAFS. The same parameters were
used for Fourier transform in each for comparison. From Figure 5-3d, the P K-edge spectra
reveal distinct differences among the SeBP with various Se contents. The nearest-neighbor
peak (with no phase correction) at 1.64 Å in the undoped BP spectrum can be attributed to
the nearest P atoms; 2.16 Å of the first P-P shell and 2.21 Å of the second-shell P-P
interactions in the structure of BP. The third-nearest peak of undoped BP located at 2.87 Å
may be referred to the third-nearest-neighbor of phosphorus atom, which has a distance of
3.27Å in the BP structure40. The position of these peaks at 1.64 Å and 2.87 Å in the BP
spectrum are consistent with the BP structure (Figure 5-4a) and theory41. The intensity of
the first-nearest peaks decreases with the increasing Se content, which results from the
increasing structural disorder around P and decreasing amount of P-P single-scattering
paths42. In addition, it shifts to a higher radial distance after Se doping, indicating a dopantinduced lattice expansion in SeBP compared with that in undoped BP. Importantly,
although the XANES spectra of P K-edge show little difference between undoped BP and
SeBP, the P-Se bond can be revealed after Fourier transformation of the EXAFS spectra to
the R-space. A new peak at 2.58 Å is observed and its amplitude increases gradually after
introducing increasing amounts of Se into the BP lattice, likely due to the Se doping. In
Figure 5-3e, the Fourier transformed Se K-edge EXAFS spectra of SeBP are very different
from that of the metallic Se. In the metallic Se spectrum, the peak around 2 Å corresponds
to the nearest Se-Se shell43-45, while such peak nearly disappears when doping Se into BP.
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In agreement with the second-nearest peak in the P K-edge, a similar peak at 2.58Å can be
resolved in Se K-edge Fourier transformed EXAFS spectra of SeBP-0.2 and SeBP-0.4,
which further confirms the Se-P interaction.

Figure 5-4. Structure of (a) pristine BP and (b) DFT model P-Se3. Comparison of the
magnitudes of the Fourier transform between experimental data and fitting based on the
model of (b) Se-doped BP of different Se doping content ((c), (d) and (e)). (f) Comparison
of theoretical XANES based on the DFT model Se-doped BP (b) and experimental data of
Se-doped BP with different Se doping content. (g) Resistivity (in log plot) and bandgap of
BP and Se-doped BP with different Se doping content.

To confirm the substitutional effect of the dopant and understand the local structure around
Se, we carried out EXAFS curves fitting and DFT calculation of SeBP-0.1, SeBP-0.2 and
SeBP-0.4. Firstly, one or two Se atoms were added at different positions into the BP lattice.
Afterward, nine structures were found based on the minimum energy principle (Figure 54b and Figure S5-3~S5-11). The local environment around the substitutional Se in SeBP
was then confirmed by XANES simulation and EXAFS R space curve fitting based on
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DFT calculated structures of SeBP together with the fitting results of experimental EXAFS
data, suggesting that a model structure of P-Se3 is the best match for SeBP (Figure 5-4b).
Figures 5-4c-e show the EXAFS curve fitting results of SeBP-0.1, SeBP-0.2 and SeBP0.4, respectively. Table 5-1 lists the corresponding structural and fitting parameters
obtained by both EXAFS data fitting of Se K-edge and DFT simulation based on the most
probable SeBP structure (Figure 5-4b). The side view and top view of this structure are
shown in Figure S5-5. During fitting, the Debye-Waller (DW) factor was fixed to be the
same for comparison. The three spectra of SeBP were fitted using the Se-P and Se-Se paths
from SeBP and Se foil, respectively. The distances of all four Se-P shells are consistent
with the DFT simulation results. The first-nearest Se-P shell shows a distance of 2.34-2.40
Å, which is 0.15-0.2 Å larger than the length of the nearest P-P bond in undoped BP.
Meanwhile, in the DFT simulations, the second Se-P shell includes two single scatters with
similar distances of 3.21 and 3.34 Å, respectively, both have a longer atomic distance than
the paths before Se substitution in undoped BP. This clear evidence strongly indicates the
successful doping of Se into BP. The experimental EXAFS fitting results show a shorter
Se-P (2) shell spacing of 2.92-3.13Å. Such distance increases with the Se content, so it is
likely because of the impact of the metallic Se around the SeBP lattices. Se-P (3) and Se-P
(4) shell distances reveal high consistentcy between the experimental EXAFS fitting and
the DFT calculation, with ~0.07 Å and ~0.38 Å longer distances than that of undoped BP,
respectively. Besides, the peak area for each shell is another important factor to describe
the local structure around Se, which correlates to both the coordination number (CN) and
DW factor. Thus, the area under each peak is normalized to Se-P (2) shell and used to
compare experimental data and DFT calculation results. The comparison indicates that the
DFT model is the most likely structure of Se-doped BP. On the other hand, the Se-Se path
also takes part in EXAFS fitting of SeBP. The distance of the Se-Se path is ~2.31Å in
SeBP-0.1 and SeBP-0.2, corresponding with the bond length in α-Se. However, the Se-Se
shell in SeBP-0.4 has a shorter distance of 2.22Å, possibly due to the influence of the higher
Se content in SeBP. The presence of Se-Se path in EXAFS fitting can demonstrate the
coexistence of substitutional and metallic Se in SeBP. Additionally, the CN of the Se-Se
shell declines with the Se content, which indicates the increasing weight ratio between
substitutional Se and metallic Se.
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Table 5-1. Comparison of EXAFS fitting results of Se-doped BP model and Se-doped BP
with different Se content.
Se
0.1%

0.2%

0.4%

DFT
fitting
result

Path
Se-P
Se-P
Se-Se
Se-P
Se-P
Se-P
Se-P
Se-Se
Se-P
Se-P
Se-P
Se-P
Se-Se
Se-P
Se-P
Se-P
Se-P
Se-P
Se-P

CN
0.5
1.5
1.2
1.7
1.5
0.6
1.9
0.6
1.3
2.4
0.6
3.1
0.4
1.6
3.3
2
3
2
2

R[Å]
2.40
2.92
2.32
3.60
3.80
2.35
3.12
2.31
3.56
3.78
2.34
3.13
2.22
3.51
3.74
2.3
3.213.59
3.86

DW[Å2]
0.0047
0.0047
0.0047
0.0060
0.0080
0.0047
0.0047
0.0047
0.0060
0.0080
0.0047
0.0047
0.0047
0.0060
0.0080
-----

Area
45.3
80.4
100.0
45.0
31.3
73.8
100
56.3
44.7
59.0
42.6
100.0
34.0
35.3
52.3
-----

Normalized
0.6
1.0
-0.6
0.4
0.7
1.0
-0.5
0.6
0.4
1.0
-0.4
0.5
0.7
1.0
0.7
0.7

E0[eV]
-1.1

0.7

0.0

--

In addition to the EXAFS fitting, XANES spectra of the DFT SeBP model calculated by
FEFF7 can also indicate the local structure around Se (Figure 5-4f). Peaks at 12659.7 eV
and 12665.3 eV can be well reproduced by XANES modeling of the DFT model, including
peak position and energy splitting. Moreover, the relative intensity of the two features in
SeBP-0.1 is totally consistent with the XANES modeling, with an intensity ratio of 4.5.
Hence, the XANES modeling can further support that the model in Figure 4b is the most
probable structure to explain the local structure around Se.
To study the properties of undoped and Se-doped BP, we investigated the bandgap and
electrical conductivity (Figure 5-4g). For bandgap measurement, the samples of both
undoped BP and SeBP were dispersed in deoxygenated water, then centrifuged at 2000
rpm to get thinner BP flakes. The bandgaps of exfoliated BP/SeBP before and after
centrifugation were measured by UV-vis absorption spectroscopy (Figure S5-12). The

137

electrical conductivities of bulk undoped BP and SeBP were obtained by four-probe
contact measurements. With the increasing Se content, the bandgap of BP becomes lower
by the influence of Se dopant17. Specifically, the bandgap of SeBP decreases to 1.88 eV,
1.79 eV and 1.70 eV with Se content of 0.1%, 0.2% and 0.4%, respectively, from an
undoped BP bandgap of 1.92 eV. After the samples were centrifuged at 2000 rpm for 1 h,
the overall bandgap increase to 1.97 eV, 1.93 eV, 1.89 eV and 1.83 eV for undoped BP,
SeBP-0.1, SeBP-0.2 and SeBP-0.4, respectively, indicating that thinner BP flakes were
obtained by centrifugation1. However, a similar trend is also observed for samples before
centrifugation. Such lower bandgap can be ascribed to the increasing free carrier provided
by the dopant Se. The electronic structures of pure BP and SeBP were calculated based on
the structure of BP and P-Se3 with the Se content of 1.4% (P-Se3-1) and 2.8% (P-Se3-2),
respectively (Figure S5-13). The calculated electronic structure shows that Se dopant
induces impurity states between the valance band and conduction band of BP, which lowers
the bandgap of SeBP compared with the bandgap of undoped BP. In addition, with the
increasing of Se content, the bandgap is further narrowed down. In addition, the electrical
conductivity of BP can be modified by Se dopant as well since it is strongly dependent on
the bandgap. When the gap between the top of the valence band and the bottom of the
conduction band is narrowed by Se doping, it would be easier for electron transfer between
the two bands, thus resulting in higher electrical conductivity of the sample. In our work,
the resistivity of undoped BP is 1.38 Ω·cm, which is the reciprocal of electrical
conductivity, consistent with previous works2, 3. The introduction of 0.1% Se dopant
drastically decreases the resistivity of BP to 0.0247 Ω·cm, and generally decrease to 0.0222
Ω·cm and 0.0190 Ω·cm with 0.2% and 0.4% Se content, respectively. Hence, Se doping
can improve the electrical conductivity of SeBP while decreasing the bandgap.

5.5

Conclusion

In summary, we have successfully synthesized Se-doped black phosphorus through
chemical vapor transport. Se content has been controlled to 0.1%, 0.2% and 0.4% during
the growth process. By the doping of Se, the bandgaps of the obtained materials decline
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with the rising Se content, thus resulting in a significant improvement of electrical
conductivities with the resistivities decreasing from 1.38 Ω·cm in undoped BP to less than
0.03 Ω·cm in Se-doped BP. The improved electrical conductivity may meet the
requirement of applications in relevant fields. For instance, SeBP can be a remarkable
material in energy-storage devices including LIBs/SIBs, supercapacitors, solar cells and
fuel cells. More importantly, we have investigated a combination of DFT calculation and
EXAFS fitting to understand the local environment of Se atoms in Se-doped BP, revealing
that Se exists both as substitutional Se and elemental Se. This is the first time that the coexistence of the two phases of dopant elements has been confirmed in the studies of dopedBP. Additionally, the structure of the obtained Se-doped BP was also elucidated.
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5.7

Supporting Information

Table S5-1: Full-width-at-half-maximum of the Raman peaks Ag1, B2g and Ag2 of
undoped BP, SeBP-0.1, SeBP-0.2 and SeBP-0.4.
Sample

Ag1

B2g

Ag2

Undoped BP

2.04

3.24

2.49

SeBP-0.1

4.40

5.00

4.87

SeBP-0.2

6.22

8.32

6.71

SeBP-0.4

8.01

10.30

8.73

Table S5-2. Ratio of Se-Se to Se-P peak of XPS spectra of SeBP-0.1, SeBP-0.2 and
SeBP-0.4.
Se-Se

Se-P

SeBP-0.1

62.5%

37.5%

SeBP-0.2

50%

50%

SeBP-0.4

38.2%

61.8%
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Figure S5-1: (a) SEM and (b) EDX spectra of SeBP-0.4. (c) and (d) are the
corresponding P and Se maps in (a).

Figure S5-2. (a) Se 3d and (b) P 2p XPS spectra of SeBP-0.1.
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Figure S5-3: The model structure of P-Se1 (b-axis). The P-Se1 model structure is
setting 0.1 Se (red) atom in a 2 × 2 × 2 supercell of black P (purple) (P63.9Se 0.1, Se content
is ~0.4%).
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Figure S5-4: The model structure of P-Se2 (a and b-axes). The P-Se2 model structure is
setting one Se atom (yellow) occupation on the interlayer of a 3 × 1 × 3 supercell of black
P (purple) (P72 Se1, Se content is ~1.4%).

Figure S5-5: The (a) sideview and (b) top view model structures of P-Se3. The P-Se3
model structure is setting one Se (yellow) atom n a 3 × 1 × 3 supercell of black P (grey)
(P71Se1 , Se content is ~1.2%).
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Figure S5-6: The model structure of P-Se4 (a and c-axes). The P-Se4 model structure is
setting two Se atoms (yellow) on the interlayer of a 3 × 1 × 3 supercell of black P
(purple) (P72Se2, Se content is ~2.7%).
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Figure S5-7: The model structure of P-Se5 (a and c-axes). The P-Se5 model structure is
setting two Se atoms (yellow) on the interlayer of a 3 × 1 × 3 supercell of black P
(purple) (P72Se2, Se content is ~2.7%).

Figure S4-8: The model structure of P-Se6 (a and c-axes). The P-Se6 model structure is
setting two Se atoms in a 3 × 1 × 3 supercell of black P (P71Se2, Se content is ~2.7%).
One is in the interlayer of the structure and the other one substitutes the P site.
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Figure S5-9: The model structure of P-Se7 (a and c-axes). The P-Se7 model structure is
setting two Se atoms (yellow) in a 3 × 1 × 3 supercell of black P (purple) (P70Se2, Se
content is ~2.8%). Both Se atoms substituted the P site.

Figure S5-10: The model structure of P-Se8 (a and c-axes). The P-Se8 model structure is
setting two Se atoms in a 3 × 1 × 3 supercell of black P (P70Se2, Se content is ~2.8%).
Both Se atoms substituted the P site.
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Figure S5-11: The model structure of P-Se9 (a and c-axes). The P-Se9 model structure is
setting two Se atoms on the interlayer of a 3 × 1 × 3 supercell of black P (P72Se2, Se
content is ~2.7%).
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Figure S5-12: UV-vis absorption spectra of BP and Se-doped BP dispersed in water.
Samples in (a) were not centrifuged after 9 h bath sonication. Samples in (b) were
centrifuged at 2000 rpm for 20 mins after 9 h bath sonication.
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Figure S5-13: Total and Projected density of states (DOS) of (a) pure BP, (b) P-Se3-1, Se
content is ~1.4% and (c) P-Se3-2, Se content is ~2.8%.
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Chapter 6

6

New insights into the high-performance black
phosphorus anode for lithium-ion batteries* 4

Black phosphorus (BP) is considered as a promising anode material in lithium-ion batteries
(LIBs) owing to its high electrical conductivity and theoretical capacity. However, the huge
volume change of BP during discharge and charge induces rapid capacity fading of BP
based anode materials. In addition, the unclear electrochemical mechanism of BP during
cycling hinders the development of rational designs and preparation of high-performance
BP-based anodes. Here, we report a high-capacity and stable BP anode for LIBs, which is
a nanostructured BP-graphite-carbon nanotube, composite (BP/G/CNTs) synthesized using
ball-milling method. The BP/G/CNTs anode delivers a high initial specific capacity of
1375 mA h g-1 at 0.15 A g-1 and maintains 1031.7 mA h g-1 after 450 cycles. Excellent
high-current performance is demonstrated with a capacity of 719 mA h g-1 after 1000 cycles
and 508.1 mA h g-1 after 3000 cycles at 2 A g-1. In addition, we for the first time provide
direct evidence experimentally to present the electrochemical mechanism of BP anodes
with three-step lithiation and delithiation during cycling using ex-situ XRD, ex-situ XAS
and X-ray emission spectroscopy (XES), operando XRD and operando XAS, which reveal
the formation of Li3 P7, LiP, and Li3 P. Furthermore, the study indicates an open-circuit
relaxation effect of the electrode with ex-situ and operando XAS analyses.

6.1 Introduction
LIBs have been used in portable devices since 19911. Due to its high storage capacity, good
cycling performance, and high energy density, LIBs have become the most common energy
storage device in cell phones, laptops, and electrical vehicles2. The cathode materials in
commercial LIBs are normally well-developed LiCoO2, LiFePO4, and LiMn2O43.
However, the commonly used anode, such as carbon-based material has insufficient

* A version of this Chapter has been accepted by Advanced Materials (DOI. adma.202101259).
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capacity for daily usage4. Thus, it is crucial to develop new anode materials with higher
capacity and longer cycle life.
Phosphorus has been known to be a decent anode material for LIBs for decades, owing to
its remarkable theoretical capacity (2592 mA h g-1)5. It has three allotropes: white
phosphorus (WP), red phosphorus (RP), and black phosphorus (BP). WP is chemically
unstable and spontaneously ignites in air, which cannot be used in LIBs due to safety issues.
RP and BP are chemically more stable than WP. They have been explored anode materials
in LIBs. However, despite the high theoretical capacity of RP and BP, they face several
challenges, such as extremely large volume change of over 300% during charging and
discharging processes, which can cause pulverization of the electrode material and induce
rapid capacity fading of the battery.6, 7 To prevent the electrode material from pulverization
during cycling, one effective strategy is to prepare nano phosphorus-carbon composites8.
There are two main methods to synthesis phosphorus-carbon composites, evaporationcondensation9-11 and ball-milling11-13. Compared to the evaporation-condensation method,
ball-milling method is more suitable for industrial application, which can realize largescale and low-cost preparation. Compared to RP, BP is the more promising anode material
which might help resolving the issues of current commercial graphite-base anodes. BP has
more stable thermodynamics, higher carrier mobility, and higher electrical conductivity
and thus is likely to show remarkable electrochemical performance as anode materials in
LIBs.14-16 Park and Sohn ball-milled RP with super P with high-energy mechanical milling
machine and RP was partly transferred to BP during the process. The resulting material
shows a high initial discharge/charge capacity of 2010/1814 mA h g-1 at a current density
of 100 mA g-1. Moreover, by switching the super P to graphite or carbon nanotubes, BPcarbon composite shows a better cyclability of 1849 mA h g-1 and 1681 mA h g-1 after 100
cycles and 400 cycles, respectively.17, 18 Most recently, Jin et al. presented a BP-G/PANI
composite and achieve robust high-rate capacity and cycling stability. The designed
composite delivers a capacity of 440 mA h g-1 after 2000 cycles at 13 A g-1.19 Based on the
previous studies, preparing BP-carbon composite through a ball-milling process could be
considered an effective approach to improve the electrochemical performance of BP based
anode materials.
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In addition to the well-designed structure, it is also important to understand the mechanism
of how phosphorus interacts with Li+ during discharge and charge, in order to realize
reasonable structural design and preparation of materials and eventually improve the
overall electrochemical performance. It has been previously confirmed by XRD that
phosphorus will alloy with Li+, forming LiP, Li2 P, and then Li3P when fully discharged;
and the discharge products transform back to phosphorus when fully charged.10, 12, 20, 21
Recently, this process is also supported by Jin et al. through in-situ X-ray absorption
spectroscopy (XAS).19 The theoretical studies, however, showed that other Li species (e.g.
LiP7 , Li3 P7, Li4 P3) might also form during lithium insertion/extraction, and Li2 P is not
considered as a stable structure during the cycling.5,

22

Thus, the theoretical and the

experimental results are inconsistent. Therefore, to understand the electrochemical
mechanism thoroughly, a more solid study should be carried out using comprehensive
techniques to track not only the average crystal structure evolution but also the local
chemical environment alteration.
Herein, we report a composite of black phosphorus, graphite, and single-walled carbon
nanotubes (BP/G/CNTs) as a high-performance anode and studied the detailed
electrochemical mechanism by ex-situ and operando synchrotron-based analytical
techniques. The BP was milled with graphite and CNTs (50 wt% BP, 40 wt% graphite, 10
wt% CNTs) using a planetary ball-milling machine. After 120-h ball-milling, BP was
milled into nanosized material, embedded in a matrix of graphite and CNTs. The
BP/G/CNT composite shows several advantages: 1) the introduction of carbon materials
can improve the electrical conductivity of BP; 2) graphite accommodates the volume
change of BP during cycling, preventing the pulverization of the material; 3) the CNTs not
only stabilizes the structure of the composite, but also provides pathways for electrons and
Li+ ions. Benefiting from the unique structure, the BP/G/CNT anode delivers a remarkable
initial charge capacity of 1375 mA h g-1 at 0.15 A g-1 and long cycle life with 1031.7 mA
h g-1 after 450 cycles. Moreover, it also shows great high-current performance with a
capacity of 719 mA h g-1 after 1000 cycles and 508.1 mA h g-1 after 3000 cycles at a current
density of 2 A g-1. Although the electrochemical performance of BP-based anode materials
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in LIBs has already been improved significantly by other works, the achievement of overall
high performance and stability at high current densities beyond 1 A g-1 is rare (Table S1).
In addition to the remarkable electrochemical performance, we also experimentally clarify
the electrochemical mechanism of BP during cycling. We, for the first time confirmed the
complete electrochemical mechanism of BP anode during lithiation and de-lithiation. The
electrochemical products/intermediates during cycling are confirmed by ex-situ XRD,
XAS and X-ray emission spectroscopy (XES), operando XRD and operando XAS
analyses. Synchrotron-based XAS and XES techniques involve electron excitation and Xray fluorescence emission, which can track the electronic structure and local chemical
environment of the interested materials23, 24. XAS and XES can provide information on the
local structures that XRD cannot measure and are suitable to study the electrochemical
mechanism of phosphorus-based anode materials in LIBs. Combining the ex-situ XAS and
XES, operando XRD, operando XAS, and ex-situ XRD analyses, we provide direct
evidence to unravel the step-by-step phase transformation of BP to Li3P7 , LiP, and Li3 P,
and reversible conversion during charging. Moreover, we also precisely observe the opencircuit relaxation effect of the BP-based electrode by comparing ex-situ and operando XRD
and XAS. Operando analyses are particularly important for understanding the real-time
reactions in LIBs. This work can provide a guide to achieve high-performance anode
material and understand the electrochemical mechanism of electrode materials in LIBs.

6.2

Experimental Section

Preparation of BP:
200 mg of red phosphorus (≥97%, trace metal basis, Sigma-Aldrich) were sealed in an
evacuated quartz ampoule with 31.7 mg of Sn (99.995%, metal basis, Alfa Aesar) and 13.5
mg of I2 (99.999%, metal basis, Alfa Aesar). The pressure of the ampoule was maintained
below 10-3 mbar. The quartz ampoule was then placed in the middle of a tube furnace. After
heating to 650 °C in 8 h, the temperature was maintained for 5 h and then slowly cooled
down to 550 °C and kept at this temperature for another 6 hours. Afterward, it was cooled
down to 500 °C, maintaining at this temperature for 8 h. In the last step, the furnace was
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finally cooled in the ambient to room temperature in 30 h. The final product BP was
obtained.
Preparation of BP/G/CNTs composite:
The BP/G/CNTs composite was synthesized through a ball-milling approach. The raw
materials BP, graphite flakes, and single-walled CNTs (diameter: ~2 nm) were mixed and
sealed in a ZrO2 jar in an Ar-filled glove box at the ratio of 5:4:1 with ZrO2 balls (mass
ratio of mixture and balls = 1:20). The mixture was then transferred to a planetary ballmilling machine (Retsch, PM 200) and ball-milled for 120 h at the speed of 550 rpm. The
composite, BP/G/CNTs, was then obtained.
Preparation of BP/G and BP/CNTs:
The BP/G and BP/CNTs were prepared by the same ball-milling procedure as BP/G/CNTs
but with the weight ratios of BP : graphite = 5 : 5 or BP : CNTs=5 : 5.
Characterization:
The morphology of BP/G/CNTs was investigated using a Hitachi S-4800 field-emission
scanning electron microscope (FESEM) equipped with energy dispersive spectroscopy
(EDS) and TEM/HRTEM. The structure of BP/G/CNTs before cycling was characterized
by XRD at the Very Sensitive Elemental and Structural Probe Employing Radiation from
a Synchrotron (VESPERS) beamline of the Canadian Light Source (CLS) in Saskatoon,
Saskatchewan, Canada using 11keV X-rays (λ = 1.12276 Å). The structure of BP/G/CNTs
after discharge and charge to different voltages were measured at Bruker AXS D8 Advance
X-ray diffraction (XRD) with Cu Kα radiation (λ = 1.54178 Å). The operando XRD spectra
during cycling were collected with the X-ray wavelength of 0.24145 Å at the beamline 17BM of the Advanced Photon Source (APS), Argonne National Laboratory. Raman spectra
were measured with a HORIBA Scientific LabRAM HR Raman spectrometer operated
with an incident laser beam at 532.03 nm. The ex-situ and operando XAS and ex-situ XES
measurements were carried out at Soft X-ray Microcharacterization Beamline (SXRMB)
at CLS. The XES is a Rowland Circle design (esayXAFS) with the spectrometer housed
inside a glove box, suitable for air sensitive materials and device. It was specifically tuned
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to collect P and S Kα and Kβ emission with high efficiency and an energy resolution of <1
eV.
Electrochemical characterization:
The BP/G/CNTs (80 wt%) composite was mixed with acetylene black (10 wt%) and
poly(vinylidene fluoride) binder (10 wt%) by N-Methyl-2-pyrrolidone (NMP) to make a
homogeneous slurry. The slurry was then coated onto a Cu foil with the thickness of 100
μm. The foil with the slurry was then heated under 60 ℃ for 7 hours to remove NMP. The
mass loading of the electrodes was 0.8~1.2 mg/cm2. The 2032 coin cell for electrochemical
testing was assembled in a Ar-filled glove box with the BP-based anodes, Li metal
reference electrode, and electrolyte (1 M LiPF6 and 2% FEC in a mixture of EC and DEC,
1:1 in volume ratio). The separator was Celgard 2400 membrane. The galvanostatic chargedischarge tests for lithium-ion batteries conducted were between 0.001 to 2.5 V.

6.3

Results and Discussion

The BP/G/CNTs composite (Figure 6-1a) was prepared by ball-milling the mixture of BP,
graphite, and single-walled CNTs at a weight ratio of 5:4:1 under 550 rpm for 120 h. The
particle size was decreased from over 20 µm to 50~200 nm (Figure S6-1a and S6-1b).
The nanosized effect not only stabilizes the structure, preventing it from cracking during
volume change, but also enhances the contact between the conductive materials and active
materials.25 The low magnification TEM image in Figure 6-1c further confirms that the
particle size of BP/G/CNTs is in the range of 50-200 nm (Figure S6-1c). Moreover,
secondary particles with the size of 0.5~2 μm can be found as well, which could minimize
the formation of solid-electrolyte interface (SEI) and provide internal spaces for
phosphorus expansion.26 Because of the specific nanosized secondary structure, the
capacity and stability of BP/G/CNTs can be further improved. The high-resolution TEM
(Figure 6-1b) clearly shows that the BP/G/CNT composite particle consists of nanosized
BP, graphite and CNTs with excellent contact among them. Two different lattice spacings
of 3.3 and 2.2 Å can be found in the image, corresponding to the (021) lattices of BP16 and
the (101� 0) plane of graphite19, respectively. More importantly, the particle size of BP was

decreased to 5~10 nm, which will drastically reduce the possibility of the cracking during
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the volume change in the electrochemical process. After the ball-milling process, graphite
will also be milled to small flakes (Figure S6-1d and S6-1f). In addition, the ball-milling
process will shorten the CNTs. However, the diameter and the structure of the CNTs are
remained (Figure S6-1e and S6-1f). As we showed in Figure 6-1a, the small graphite
flakes connect and cover the nanosized BP particles to prevent them from pulverization
due to the huge volume change during cycling. The CNTs can link the whole structure and
provide fast pathways for Li+ transport. This well-designed structure is confirmed in the
HR-TEM image in Figure 6-1b and will enhance the long cycle stability and rate
performance of BP/G/CNTs. Moreover, the elemental mapping demonstrates that
nanosized BP was uniformly distributed in the G/CNTs matrix (Figure 6-1c~e and Figure
S6-1g~i).
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Figure 6-1. (a) Schematic of the BP/G/CNTs composite. (b) HRTEM of the BP/G/CNTs.
(c) Dark field TEM of the BP/G/CNTs and corresponding (d) C and (e) P elemental maps
in (c). (f) XRD and (g) Raman spectra of BP/G/CNTs compared with pristine BP, graphite
flakes and CNTs.
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Figure 6-1f and 6-1g represent the XRD and Raman spectra of graphite flakes, CNTs,
bulk BP, and BP/G/CNTs composite, respectively. In Figure 1f, the XRD patterns of BP
(black), graphite flakes (blue) and CNTs (green) are consistent with the reference
patterns.27, 28 The XRD pattern of BP/G/CNTs composite (red) shows characteristic peaks
of BP, graphite and CNTs, indicating intact crystal structures of the three precursors after
ball-milling. The Raman spectrum of bulk BP shows three peaks at 359.8 cm-1, 436.9 cm1

and 463.8 cm-1, representing the Ag1, B2g and Ag2 vibrational modes, respectively.29

Raman peaks at 1354 cm-1 and 1583 cm-1 are represented as the D-band and G-band of
graphite and CNTs, describing the defects and disorder portions and graphitic layers.30 In
the Raman spectrum of BP/G/CNTs, signals from both bulk BP and graphite flakes are
observed, confirming the composite nature of the obtained material. The peaks from BP
are weaker than that in bulk BP, which is because the bulk BP was nanosized after ballmilling.6 In addition, the Ag1 , B2g, and Ag2 vibrations of BP in the BP/G/CNTs composite
shift to higher frequencies, giving evidence for the thinning of BP after ball-milling31. The
intensity ratio of D band and G band (RI = ID/IG) of BP/G/CNTs drastically increases
compared to that of the graphite flakes, indicating that more defects are created on the
carbon-based materials during the synthesis process32. Thus, comparing the Raman
spectrum of BP/G/CNTs with those of bulk BP, graphite flakes and CNTs, the composite
after the ball-milling process shows increased disorder and defects in both BP and carbonbased materials.

162

Figure 6-2. (a) Cyclic voltammograms of the BP/G/CNTs anode at a scan rate of 0.2 mV
s-1. (b)-(d) Electrochemical performance of BP/G/CNTs cycled between 0.01 and 2.5V
versus Li+/Li: (b) voltage profiles of BP/G/CNTs at 0.15 A g-1, (c) cycling performance of
BP/G/CNTs anode compared with BP/G and BP/CNTs anodes at 0.15 A g-1 , (d) capacity
of BP/G/CNTs compared with BP/G and BP/CNTs as a function of cycling rate (0.15-3A
g-1). (e) Capacity and Coulombic efficiency during cycling of BP/G/CNTs anode at 2 A g1

after 5 initial cycles at low current density of 0.15 A g-1 . Overall Capacity and cycling

stability compared with other reported RP and BP-based anode materials at (f) current
densities lower than 0.5 A g-1 and (g) above 0.5 A g-1. The data and current density of each
material are summarized in Table S6-1.
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The electrochemical performances of BP/G/CNTs are shown in Figure 6-2. Figure 6-2a
shows the cyclic voltammograms (CV) curves of a BP/G/CNTs electrode with Li metal
reference electrode in the voltage window of 0~2.5V. In the cathodic scan of the curve,
five obvious peaks were observed. The peaks at 1.109, 0.783, and 0.483 V were associated
with the three-step reactions of the lithiation process of BP.6,

12

The broad peak at

1.43V~0.95V could be attributed to both SEI formation and the first step lithiation since
this peak was narrowed at 2nd and 3rd scans. Peaks at 0.325V and 0.01V can be attributed
to the lithium insertions into graphite and CNTs33. During the anodic scan, the tiny peak at
~0.2 V was ascribed to the lithium extraction from graphite/CNTs and the three peaks at
1.056, 1.311, and 1.668 V show the reversible delithiation process of BP (Figure S6-2a).
After the 1st cycle, the CV curves of the 2nd and 3rd cycles showed high reversibility and
good cyclability of BP/G/CNTs in LIBs.

Figure 6-2b shows the voltage profiles of the BP/G/CNTs anode at a current of 0.15 A/g
between 0.01 and 2.5 V vs (Li+/Li). The irreversible capacity of the initial cycle was due
to the formation of SEI. Corresponding to CV curves, the voltage profile shows a clear
three-step reaction between BP and Li+ with three plateaus for both discharge and charge
curves. The plateaus were observed at 1.35~1.00, 0.90~0.60, and 0.60~0.47 V during
discharging, and 0.88~1.07, 1.07~1.24, and 1.25~1.70 V during charging, respectively,
which is in good correspondence with the CV curves. In addition, compared between the
voltage profile curves of BP/G/CNTs and G/CNTs, the change of the slope below 0.3V of
the BP/G/CNTs voltage profile curve might be contributed by graphite and CNTs, which
is corresponding to the curve of G/CNTs (Figure S6-2b). The cycling performance of
BP/G/CNTs was compared with BP/G and BP/CNTs, as shown in Figure 6-2c. The
BP/G/CNTs showed the best cycling stability, delivering an initial charge capacity of 1375
mA h g-1, which was more than twice of the capacity of G/CNTs (657.1 mA h g-1) (Figure
S6-3a). Based on the weight ratio of BP (Figure S6-3b), the specific initial capacity
contribution of BP is 2522 mA h g-1, which is close to the theoretical capacity. The initial
Coulombic efficiency (ICE) is as high as 71.45% and increases to >98% in 5 cycles,
showing the good cycling stability of the BP/G/CNTs electrode for LIBs. The capacity
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remained 1040.9 mA h g-1 after 350 cycles. After 450 cycles, the capacity of BP/G/CNTs
still maintained 1031.7 mA h g-1, which is 75% of the initial charge capacity with the low
decay rate of 0.3 % per cycle (Figure S6-4a). The ratio of BP, graphite and CNTs were
adjusted for comparison. The result shows that BP/G/CNTs with the ratio 5:4:1 delivers
the highest overall capacity after long cycle and shows the best cycling stability (Figure
S6-5). In addition, BP/G/CNTs also showed the best rate performances compared to BP/G
and BP/CNTs (Figure 6-2d). The BP/G/CNTs anode demonstrated highly reversible
capacities of 1185.6, 1119.5, 1049.1, 985.8 and 914.9 mA h g-1 at various current densities
of 0.3, 0.5, 1, 2, and 3 A g-1, respectively. The presence of both graphite and CNTs
contributed to the remarkable cycling performance and rate performance of BP/G/CNTs
composite. More specifically, the graphite component accommodated the volume change
of BP during cycling, avoiding the pulverization of the material. The function of graphite
can be confirmed by the SEM images of the electrodes before cycling, after being
discharged to D-0.001V and after 1st cycle (Figure S6-6 and S6-7). Both top view and side
view of the SEM images of pure BP electrode show that the bulk BP are cracked after the
cycling. More importantly, Figure S6-6e indicates that the active materials disconnect to
the current collector after 1st cycle, which induces the capacity fading in LIBs. By contrast,
although the volume expansion of BP can also be found in BP/G/CNTs after being
discharged to D-0.001V, the introduction of graphite can accommodate that volume change
and prevent the material from pulverization and disconnecting to the current collector. The
CNT component can provide pathways of electrons and Li+ ions, improving the kinetics
within the BP-based electrode (Figure S6-8). Thus, BP/G/CNTs shows promising long
cycle stability in LIBs.
Moreover, the BP/G/CNT electrode demonstrated excellent cycling performance at high
current densities. The specific capacities remained 1009.4 mA h g-1 after 600 cycles at 0.5
A g-1 and 996 mA h g-1 after 1000 cycles at 1 A g-1 , corresponding to capacity retentions
of 78% and 79%, respectively (Figure S6-4b and S6-4c). Significantly, BP/G/CNTs
showed ultra-long cycling stability at a high current density of 2 A g-1, remaining 719 mA
h g-1 after 1000 cycles and 508.1 mA h g-1 after 3000 cycles (Figure 6-2e). The cycling
stability of BP/G/CNTs under 1 A g-1 is not as good as that under 2 A g -1, which is because
that the reaction between BP and Li+ is more complete during the cycling under the current
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density of 1 A g-1. To clarify, a large portion of the BP is involved in the reaction and
influenced by the serious volume change during cycling under low current density, which
can be proven by the higher overall capacity of BP/G/CNTs under 1 A g-1. Overall, the
ball-milled BP/G/CNTs displayed a remarkable capacity, good cycling stability, and high
rate performance, which was due to the well-designed nanosized structure and the
introduction of graphite flakes and CNTs. In addition, by comparing the electrochemical
performance of BP in this work with most of the previous works, BP/G/CNTs still shows
advanced overall capacity and long cycling stability at both low current density and high
current densities (i.e. 0.5 A g-1 , 1 A g -1 and 2 A g-1) (Figure 6-2f-g and Table S6-1).

Figure 6-3. (a) Voltage profiles of the BP/G/CNTs anode with corresponding
discharge/charge states for measurements in (c) and (d). (b) Ex-situ XRD of the
BP/G/CNTs anode during discharge. P K-edge ex-situ XAS of BP/G/CNTs during (c)
discharge and (d) charge. P Kα ex-situ XES excited at 2148.7 eV photon energy of
BP/G/CNTs during (e) discharge and (f) charge.

To understand the electrochemical mechanism of BP-based anode materials in LIBs, we
conducted XRD and synchrotron-based XAS and XES analyses to investigate the lithiation
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and delithiation process of the BP/G/CNT anode. By combining the operando XAS with
ex-situ XRD, XAS, and XES, Li-P alloying at different voltages during cycling were
precisely tracked to unravel the electrochemical reaction mechanism. Figure 6-3 shows
the ex-situ XRD, XAS, and XES results. In the voltage profiles (Figure 6-3a), 14
discharge/charge states were selected for the ex-situ measurements. Based on the ex-situ
XRD results of the 7 states during discharge (Figure 6-3b), Li3P7 was detected at 0.75 V
and subsequently Li3P at 0.5 V. The presence of Li3P7 at 0.75V can be further confirmed
by HR-TEM image (Figure S6-9), which clearly shows the (121) facet of Li3 P7. The
intensities of Li3P peaks in XRD spectra increase after 0.5 V, indicating the further
formation of Li3P. However, the formation of amorphous LiP was also proposed in
previous studies and theoretical works, which cannot be determined with confidence in the
ex-situ XRD.5,

22, 34

Thus, other techniques that are sensitive to both crystalline and

amorphous structures are required to understand the reaction between Li+ and BP.
Figure 6-3c and 6-3d show the ex-situ P-K edge XAS spectra of BP/G/CNTs discharged
and charged to certain voltages, acquired in fluorescence yield (FLY) mode. The peak A
at 2144.7 eV of the pristine sample originated from dipole transition from P 1s to states
with P 3p character of BP.35 The peak B and C at 2150.1 eV and 2152.5 eV corresponded
to the 1s-3p transition in P with higher oxidation states P(III) and P(V), respectively.36 The
intensities of P(III) and P(V) peaks were relatively low, which suggested the weak
oxidation of BP during electrode preparation or transportation. During discharge (Figure
6-3c), Li+ was gradually inserted into the BP structure and BP transforms to Li 3P, leading
to the edge shift to lower photon energy accompanying by a reduction in intensity as the P
3p occupied densities of states increased. The peak position and intensity variation was
related to the 3p orbital state of BP, which is gradually filled by the electrons from the Li
metal counter electrode. The shifts to lower energy can be clearly observed for samples
discharged to 0.75, 0.5, and 0.01 V, which were consistent with the conclusion from the
ex-situ XRD results. Both ex-situ XAS and XRD results confirm the existence of Li3P7 at
0.75 V and Li3P at 0.5 V. In addition, the disappearance of the peak at 2144.7 eV and the
lower energy shift of the sample at 0.01 V confirmed a full transformation to Li3P after
discharge. The ex-situ XAS spectra during charging show a reversible trend with the
gradual increase in absorption-edge energy and peak area (Figure 4d). The absorption-edge
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energy positions for the different discharge and charge states are compared in Figure S610a. Same positions are shown for the pair of 0.75-V discharge (D-0.75V) and 1.30-V
charge (C-1.30V) states and the pair of D-0.50V/C-1.05V, indicating similar components
at these states. However, the peak position at the state of C-1.55V is absent among spectra
of discharge states, which reveals a new component at C-1.55V.

The change of the P electronic structure of BP/G/CNTs in LIBs at different
discharge/charge states was tracked by P Kα XES (Figure 6-3e and 6-3f). The incident Xray energy for the XES measurements was set at 2148.7 eV, which is above the threshold
of the reduced states of P but lower than the absorption threshold of P(III), P(V), and PF 6which can minimize the fluorescence contribution from high P oxidation states and the
electrolyte. It should be noted that the XES spectrometer has < 1 eV energy resolution in
this region. The XES spectra clearly show two peaks with an intensity ratio of 2:1. The two
peaks are the P Kα1 and P Kα2 X-ray fluorescence arising from the transition from 2p3/2
and 2p2/1, respectively, decaying back to the P 1s core hole. It is apparent from Figure 63e and 6-3f that the same trend of shifts in the position of the P Kα1 and Kα2 occurred as
that observed in P K-edge XAS. That is, the XES peaks shift to lower energy during
discharge and to higher energy during charge, as a result of gain and loss of electrons,
respectively, at the P site. The P Kα1 and Kα2 peak positions of pristine and C-2.50V states
are similar at 2010.56 eV/2009.80 eV and 2010.49 eV/2009.75 eV, respectively, which
show high reversibility of the lithiation/delithiation process of BP nanoparticles during the
initial cycle. The XES results are in excellent accordant with the results from ex-situ XRD
and XAS, showing that the charge redistribution occurs upon Li+ insertion leading to the
formation of Li3P.
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Figure 6-4. (a) Schematic of the operando P K-edge XAS measurement setup. Operando
P K-edge XAS of the BP/G/CNTs electrode during (b) discharge (from bottom to top) and
(c) charge (from top to bottom). Comparison of ex-situ and operando P K-edge XAS of
BP/G/CNTs of (d) discharge and (e) charge.

Due to the concerns associated with the ex-situ XRD (not sensitive to amorphous phases)
and XAS (possible formation of metastable phases), operando P K-edge XAS during
cycling were investigated in a He-filled chamber in order to further confirm the
electrochemical reaction mechanism of BP. Figure 6-4a shows the schematic of the
operando XAS study, using fluorescence to track the electronic structure evolution of BP
during cycling. One homemade coin cell with a mylar film window, which can allow
incident X-ray to hit BP/G/CNTs anode and fluorescent X-ray to escape with electronic
structure information. The operando XAS results (Figure 6-4b and 6-4c) show a similar
trend in energy shifts and change in peak area as compared with the ex-situ analyses.
During discharge, the absorption edge gradually shifted to lower energy with decreasing
peak area (Figure 6-4b). All discharge/charge states with absorption edge shifts in the
spectra have been replotted in the bottom part of Figure S6-10b for better viewing. As
displayed by the operando XAS results, there are five distinct spectra with different
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absorption edges during discharge—operando pristine, D-1.119 V, D-0.925 V, D-0.788 V,
and D-0.001 V (see bottom of Figure S6-10b). The operando and ex-situ XAS spectra of
pristine BP/G/CNT are consistent, indicating the same composition of the operando
pristine and ex-situ pristine electrodes. The first shift of absorption edge during operando
XAS measurements were found at operando D-1.119 V. This means a new phase formation
at this voltage during discharge. When the electrode was discharged to D-0.925 V, another
shift of absorption edge occurred. The absorption edge of operando D-0.925 V was
consistent with the ex-situ D-0.75 V, indicating the existence of Li3P7 at operando D-0.925
V. Based on the XRD spectrum of ex-situ D-0.75 V, no XRD characteristics belonging to
BP were found when the electrode is discharged to both ex-situ D-0.75 V and operando D0.925 V. This means that BP was fully converted to Li3P7 at this voltage. Thus, we suggest
that the shift of absorption edge at operando D-1.119 V is referred to the initial formation
of Li3P7 . This speculation can be supported by the theoretical study of Martin et al.5 , which
suggested that the structure of Li3 P7 will be found between 1.10 V to 1.20 V during BP
discharge. This theoretical study also predicted that BP transforms to LiP7 firstly at 1.5 V
during discharge. However, no absorption edge shift was found in the XAS spectra around
operando D-1.5 V. Therefore, we assume that LiP7 may not exist during the cycling of
BP/G/CNTs. The third and fourth shifts of absorption edge among operando XAS spectra
appear at D-0.788 V and D-0.001 V, equivalent to the absorption edge of ex-situ D-0.50 V
and D-0.01 V, respectively. Thus, by analyzing the ex-situ XRD spectra of D-0.50 V and
D-0.01 V, the absence of Li3 P7 and occurrence of Li3P can be confirmed when the electrode
was discharged to 0.788 and 0.001 V (D-0.788 V and D-0.001 V). In addition, both the
absorption energy shift in the operando XAS spectra of D-0.788 V/D-0.001 V and the peak
intensity increase in ex-situ XRD spectra of the D-0.50 V to D-0.01 V samples indicated
that Li3P was first formed at 0.788V and reached the highest content at 0.001 V during
discharge. This conclusion is also consistent with the theoretical study5. Moreover, since
Li3P7 was only observable from the operando measurement at D-0.925 V, we suggest that
an intermediate step from Li3P7 to an amorphous Li-P phase occurred between operando
D-0.925 V and D-0.788 V, followed by further conversion to Li3P at operando D-0.788 V
and reached final discharge products at D-0.001 V. Based on the calculated results of the
average voltages relative to Li metal of different Li-P composites, the amorphous Li-P

170

phase during discharge might be LiP, which will be formed at 0.9 V in the theoretical work.
In conclusion, the electrochemical reaction process of BP/G/CNTs during discharge will
be:
BP  Li3P7 (1.119 V-0.925 V)  LiP (0.925 V-0.788 V)  Li3P (0.788 V-0.001 V)
This process can be further supported by calculating the capacity contribution of P at
different voltages. It shows that the P capacity contribution at D-1.119 V, D-0.925 V and
D-0.788 V is 2.6%, 11.0% and 26.5% of the fully discharged capacity, respectively. The
capacities at D-0.925 V and D-0.788 V can be ascribed to the Li+-insertion capacity of
Li3P7 and LiP, respectively.
The operando XAS spectra during charging revealed the opposite trend of increasing
whiteline area and absorption edge energy shift (Figure 6-4c), compared with that during
the discharging process. This observation indicates a reversible process in BP/G/CNTs
electrodes during cycling. The spectra with absorption edge shifts are compared at the top
of Figure S6-10b. Similar to the discharge result, the spectra during charging also show
five different absorption edge positions for different species at D-0.001 V, C-1.028 V, C1.233 V, C-1.599 V and C-2.500 V. These XAS spectra also show exact correspondence
to the ex-situ XAS spectra during charge (Figure 6-4e). By comparing the absorption edge
between the operando XAS spectra of BP/G/CNT at different charge and discharge states,
we conclude that the absorption edges of the spectra of the D-0.001 V, C-1.028 V, C-1.233
V, C-1.599 V, and C-2.500 V states during charge are correspondent with the spectra of
D-0.001 V, D-0.788 V, D-0.925 V, D-1.119 V, and pristine states during discharge,
respectively. The same component was formed in the electrode at each pair of
charge/discharge states. Thus, during charge, Li3P started to transform to LiP at C-1.028
V, then formed a mixture of Li3P and LiP. The transformation was completed at C-1.233
V when the LiP was further converted to Li3 P7. Finally, lithium was extracted from Li3 P7,
forming BP. This process started at C-1.599V. In conclusion, the electrochemical reaction
process of BP/G/CNTs during charge should be:
Li3P  LiP (1.028 V-1.233 V)  Li3 P7 (1.233 V-1.599 V)  BP (1.599V-2.500 V)
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Additionally, the operando and ex-situ XAS reveal different voltages when the electrode
reached the same lithiation/delithiation state (Figure 6-4d and 6-4e), which was likely due
to the open-circuit relaxation effect of the electrode as discussed previously37.

Figure 6-5. (a) Schematic of the operando XRD measurement setup. Operando XRD
spectra of BP/G/CNTs electrode during (b) discharge (from bottom to top) and (c) charge
(from bottom to top).
The operando XRD measurement was investigated to further confirm the observations in
ex-situ XRD, ex-situ XAS and operando XAS (Figure 6-5). The design of the operando
XRD cell is similar to that of operando XAS (Figure 6-5a). However, a 3 mm hole was
created in the middle of the lithium metal and the spencer to eliminate the interferential
signals. A high-energy X-ray with a wavelength of 0.24145 Å was used to obtain the
diffraction of the electrode, and the scattered X-ray were recorded with a Varex 4343CT
2D detector. The operando XRD results are shown in Figures 6-5b and 6-5c. The results
clearly show the phase transformations of BP during cycling at different voltage stages,
which are corresponding with the results of operando XAS. During discharge, BP starts to
transform to Li3P7 at 1.206 V. After the transform, both BP and Li3P7 exist between D-
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1.206 V to D-0.893 V. Similarly, the co-existence of Li3P7 and LiP, LiP and Li3 P can be
found between D-0.893 V to D-0.799 V and D-0.799 V to D-0.001 V, respectively. This
indicates that the phase transform voltage from Li3P7 to LiP and LiP to Li3 P are D-0.893 V
and D-0.799 V. Finally, the transformation from BP to Li3P fully finished at D-0.001 V.
Similar to the discharge results, the operando XRD spectra during charge show the
reversible trend. Li3P starts to transform to LiP, Li3P7 and BP gradually at C-0.840 V, C1.227 V and C-1.623 V. The co-existence of the adjacent phases is revealed in the spectra
from the starting voltage of C-0.840V to the fully transform voltage of C-2.500 V. This
result highly supports our conclusion from operando XAS. The component at each
discharged and charged voltages during ex-situ XAS, operando XAS and operando XRD
are summarized in Table S6-2. The comparison indicates that operando study is important
to understand the real-time discharge/charge process of BP in LIBs.

6.4

Conclusion

We have developed a composite structure of nanosized BP, graphite, and carbon nanotubes
(BP/G/CNTs) by planetary ball-milling as an anode material for LIBs and understood the
reaction mechanism of BP and Li+ during cycling by ex-situ and in-situ synchrotron-based
techniques. The introduction of graphite and CNTs can improve the electrical conductivity
of the composite, offer pathways for Li+ transport, and stabilize the structure of
BP/G/CNTs during cycling. The nanosized BP together with graphite can accommodate
the volume changing issue of BP during charge and discharge, avoiding pulverization of
the material. The novel and unique BP/G/CNT composite delivers an initial reversible
capacity of 1375 mA h g-1 and still maintains 1031.7 mA h g-1 after 450 cycles, showing a
remarkable capacity and stability. Moreover, the BP/G/CNTs anode shows excellent high
current performance with capacities of 1009.4 mA h g-1 after 600 cycles at 0.5 A g-1, 996
mA h g-1 after 1000 cycles at 1 A g-1, 719 mA h g-1 after 1000 cycles and 508.1 mA h g-1
after 3000 cycles at 2 A g-1 . Moreover, by combining the results from ex-situ XRD, ex-situ
XAS/XES, operando XRD and operando XAS, we now have direct evidence to understand
the reaction mechanism of BP based anode materials for LIB systems. In general, BP reacts
with Li+ in three steps during discharge, forming Li3P7 , LiP, and Li3 P at 1.119, 0.925, and
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0.788V, respectively. The reversible process can be observed during charge. The reverse
conversions from Li3P to LiP, subsequently to Li3 P7, and finally to BP occurs at 1.028,
1.233, and 1.599 V during charge, respectively. In addition, by comparing the results
between ex-situ and operando XRD/XAS, we clearly reveal a small deviation in potentials
for the occurrence of electrochemical intermediate species. Such offsite is likely due to the
open-circuit relaxation effect of the ex-situ electrode, indicating the importance and
necessity of operando measurements in the studies of electrode materials in LIBs. In
summary, the presented study not only demonstrates BP as a high-performance anode
material in LIBs, but also illustrates the power of the operando synchrotron analyses in
understanding the reaction mechanism of BP based anode material with Li+ during cycling,
providing a feasible approach to study the electrochemical mechanism of other materials
as well.

6.5

References

1.
Sun, W.; Tang, X.; Wang, Y., Multi-metal–Organic Frameworks and Their
Derived Materials for Li/Na-Ion Batteries. Electrochemical Energy Reviews 2020, 3 (1),
127-154.
2.
Dou, F.; Shi, L.; Chen, G.; Zhang, D., Silicon/carbon composite anode materials
for lithium-ion batteries. Electrochemical Energy Reviews 2019, 2 (1), 149-198.
3.
Kim, Y.; Park, Y.; Choi, A.; Choi, N. S.; Kim, J.; Lee, J.; Ryu, J. H.; Oh, S. M.;
Lee, K. T., An amorphous red phosphorus/carbon composite as a promising anode
material for sodium ion batteries. Advanced Materials 2013, 25 (22), 3045-3049.
4.
Han, X.; Ouyang, M.; Lu, L.; Li, J., A comparative study of commercial lithium
ion battery cycle life in electric vehicle: Capacity loss estimation. Journal of Power
Sources 2014, 268, 658-669.
5.
Mayo, M.; Griffith, K. J.; Pickard, C. J.; Morris, A. J., Ab initio study of
phosphorus anodes for lithium-and sodium-ion batteries. Chemistry of Materials 2016, 28
(7), 2011-2021.
6.
Li, W.; Yang, Z.; Li, M.; Jiang, Y.; Wei, X.; Zhong, X.; Gu, L.; Yu, Y.,
Amorphous red phosphorus embedded in highly ordered mesoporous carbon with
superior lithium and sodium storage capacity. Nano Letters 2016, 16 (3), 1546-1553.
7.
Li, W.; Yang, Z.; Jiang, Y.; Yu, Z.; Gu, L.; Yu, Y., Crystalline red phosphorus
incorporated with porous carbon nanofibers as flexible electrode for high performance
lithium-ion batteries. Carbon 2014, 78, 455-462.

174

8.
Marino, C.; Boulet, L.; Gaveau, P.; Fraisse, B.; Monconduit, L., Nanoconfined
phosphorus in mesoporous carbon as an electrode for Li-ion batteries: performance and
mechanism. Journal of Materials Chemistry 2012, 22 (42), 22713-22720.
9.
Wang, L.; He, X.; Li, J.; Sun, W.; Gao, J.; Guo, J.; Jiang, C., Nano‐structured
phosphorus composite as high‐capacity anode materials for lithium batteries.
Angewandte Chemie 2012, 124 (36), 9168-9171.
10.
Marino, C.; Debenedetti, A.; Fraisse, B.; Favier, F.; Monconduit, L., Activatedphosphorus as new electrode material for Li-ion batteries. Electrochemistry
Communications 2011, 13 (4), 346-349.
11.
Yuan, D.; Cheng, J.; Qu, G.; Li, X.; Ni, W.; Wang, B.; Liu, H., Amorphous red
phosphorous embedded in carbon nanotubes scaffold as promising anode materials for
lithium-ion batteries. Journal of Power Sources 2016, 301, 131-137.
12.
Qian, J.; Qiao, D.; Ai, X.; Cao, Y.; Yang, H., Reversible 3-Li storage reactions of
amorphous phosphorus as high capacity and cycling-stable anodes for Li-ion batteries.
Chemical Communications 2012, 48 (71), 8931-8933.
13.
Yu, Z.; Song, J.; Gordin, M. L.; Yi, R.; Tang, D.; Wang, D., Phosphorus‐
graphene nanosheet hybrids as lithium‐ion anode with exceptional high‐temperature
cycling stability. Advanced Science 2015, 2 (1-2), 1400020.
14.
Hembram, K.; Jung, H.; Yeo, B. C.; Pai, S. J.; Kim, S.; Lee, K.-R.; Han, S. S.,
Unraveling the atomistic sodiation mechanism of black phosphorus for sodium ion
batteries by first-principles calculations. The Journal of Physical Chemistry C 2015, 119
(27), 15041-15046.
15.
Yasaei, P.; Kumar, B.; Foroozan, T.; Wang, C.; Asadi, M.; Tuschel, D.;
Indacochea, J. E.; Klie, R. F.; Salehi‐Khojin, A., High‐quality black phosphorus
atomic layers by liquid‐phase exfoliation. Advanced Materials 2015, 27 (11), 18871892.
16.
Xu, G.-L.; Chen, Z.; Zhong, G.-M.; Liu, Y.; Yang, Y.; Ma, T.; Ren, Y.; Zuo, X.;
Wu, X.-H.; Zhang, X., Nanostructured black phosphorus/Ketjenblack–multiwalled
carbon nanotubes composite as high performance anode material for sodium-ion
batteries. Nano Letters 2016, 16 (6), 3955-3965.
17.
Sun, J.; Zheng, G.; Lee, H.-W.; Liu, N.; Wang, H.; Yao, H.; Yang, W.; Cui, Y.,
Formation of stable phosphorus–carbon bond for enhanced performance in black
phosphorus nanoparticle–graphite composite battery anodes. Nano Letters 2014, 14 (8),
4573-4580.
18.
Haghighat-Shishavan, S.; Nazarian-Samani, M.; Nazarian-Samani, M.; Roh, H.K.; Chung, K.-Y.; Cho, B.-W.; Kashani-Bozorg, S. F.; Kim, K.-B., Strong, persistent
superficial oxidation-assisted chemical bonding of black phosphorus with multiwall

175

carbon nanotubes for high-capacity ultradurable storage of lithium and sodium. Journal
of Materials Chemistry A 2018, 6 (21), 10121-10134.
19.
Jin, H.; Xin, S.; Chuang, C.; Li, W.; Wang, H.; Zhu, J.; Xie, H.; Zhang, T.; Wan,
Y.; Qi, Z., Black phosphorus composites with engineered interfaces for high-rate highcapacity lithium storage. Science 2020, 370 (6513), 192-197.
20.
Sun, L.-Q.; Li, M.-J.; Sun, K.; Yu, S.-H.; Wang, R.-S.; Xie, H.-M.,
Electrochemical activity of black phosphorus as an anode material for lithium-ion
batteries. The Journal of Physical Chemistry C 2012, 116 (28), 14772-14779.
21.
Park, C. M.; Sohn, H. J., Black phosphorus and its composite for lithium
rechargeable batteries. Advanced Materials 2007, 19 (18), 2465-2468.
22.
Jung, S. C.; Han, Y.-K., Thermodynamic and kinetic origins of lithiation-induced
amorphous-to-crystalline phase transition of phosphorus. The Journal of Physical
Chemistry C 2015, 119 (22), 12130-12137.
23.
Li, W.; Li, M.; Hu, Y.; Lu, J.; Lushington, A.; Li, R.; Wu, T.; Sham, T. K.; Sun,
X., Synchrotron‐Based X‐ray Absorption Fine Structures, X‐ray Diffraction, and
X‐ray Microscopy Techniques Applied in the Study of Lithium Secondary Batteries.
Small Methods 2018, 2 (8), 1700341.
24.
Lin, F.; Liu, Y.; Yu, X.; Cheng, L.; Singer, A.; Shpyrko, O. G.; Xin, H. L.;
Tamura, N.; Tian, C.; Weng, T.-C., Synchrotron X-ray analytical techniques for studying
materials electrochemistry in rechargeable batteries. Chemical Reviews 2017, 117 (21),
13123-13186.
25.
Li, W.; Sun, X.; Yu, Y., Si‐, Ge‐, Sn‐based anode materials for lithium‐ion
batteries: from structure design to electrochemical performance. Small Methods 2017, 1
(3), 1600037.
26.
Liu, N.; Lu, Z.; Zhao, J.; McDowell, M. T.; Lee, H.-W.; Zhao, W.; Cui, Y., A
pomegranate-inspired nanoscale design for large-volume-change lithium battery anodes.
Nature Nanotechnology 2014, 9 (3), 187-192.
27.
Köpf, M.; Eckstein, N.; Pfister, D.; Grotz, C.; Krüger, I.; Greiwe, M.; Hansen, T.;
Kohlmann, H.; Nilges, T., Access and in situ growth of phosphorene-precursor black
phosphorus. Journal of Crystal Growth 2014, 405, 6-10.
28.
Sa, K.; Mahakul, P. C.; Subramanyam, B.; Raiguru, J.; Das, S.; Alam, I.;
Mahanandia, P. In Effect of reduced graphene oxide-carbon nanotubes hybrid nanofillers
in mechanical properties of polymer nanocomposites, IOP Conference Series: Materials
Science and Engineering, IOP Publishing: 2018; p 012055.

176

29.
Yang, B.; Wan, B.; Zhou, Q.; Wang, Y.; Hu, W.; Lv, W.; Chen, Q.; Zeng, Z.;
Wen, F.; Xiang, J., Te‐Doped Black Phosphorus Field‐Effect Transistors. Advanced
Materials 2016, 28 (42), 9408-9415.
30.
Sayah, A.; Habelhames, F.; Bahloul, A.; Nessark, B.; Bonnassieux, Y.; Tendelier,
D.; El Jouad, M., Electrochemical synthesis of polyaniline-exfoliated graphene composite
films and their capacitance properties. Journal of Electroanalytical Chemistry 2018, 818,
26-34.
31.
Guo, Z.; Zhang, H.; Lu, S.; Wang, Z.; Tang, S.; Shao, J.; Sun, Z.; Xie, H.; Wang,
H.; Yu, X. F., From black phosphorus to phosphorene: basic solvent exfoliation,
evolution of Raman scattering, and applications to ultrafast photonics. Advanced
Functional Materials 2015, 25 (45), 6996-7002.
32.
Reich, S.; Thomsen, C., Raman spectroscopy of graphite. Philosophical
Transactions of the Royal Society of London. Series A: Mathematical, Physical and
Engineering Sciences 2004, 362 (1824), 2271-2288.
33.
Zhang, J.; Xie, Z.; Li, W.; Dong, S.; Qu, M., High-capacity graphene
oxide/graphite/carbon nanotube composites for use in Li-ion battery anodes. Carbon
2014, 74, 153-162.
34.
Peng, C.; Chen, H.; Zhong, G.; Tang, W.; Xiang, Y.; Liu, X.; Yang, J.; Lu, C.;
Yang, Y., Capacity fading induced by phase conversion hysteresis within alloying
phosphorus anode. Nano Energy 2019, 58, 560-567.
35.
Nicotra, G.; Politano, A.; Mio, A.; Deretzis, I.; Hu, J.; Mao, Z.; Wei, J.; La
Magna, A.; Spinella, C., Absorption edges of black phosphorus: a comparative analysis.
Physica Status Solidi (b) 2016, 253 (12), 2509-2514.
36.
Prietzel, J.; Thieme, J.; Paterson, D., Phosphorus speciation of forest‐soil
organic surface layers using PK‐edge XANES spectroscopy. Journal of Plant Nutrition
and Soil Science 2010, 173 (6), 805-807.
37.
Bak, S.-M.; Shadike, Z.; Lin, R.; Yu, X.; Yang, X.-Q., In situ/operando
synchrotron-based X-ray techniques for lithium-ion battery research. NPG Asia Materials
2018, 10 (7), 563-580.
38.
Ramireddy, T.; Xing, T.; Rahman, M. M.; Chen, Y.; Dutercq, Q.; Gunzelmann,
D.; Glushenkov, A. M., Phosphorus–carbon nanocomposite anodes for lithium-ion and
sodium-ion batteries. Journal of Materials Chemistry A 2015, 3 (10), 5572-5584.
39.
Chen, X.; Xu, G.; Ren, X.; Li, Z.; Qi, X.; Huang, K.; Zhang, H.; Huang, Z.;
Zhong, J., A black/red phosphorus hybrid as an electrode material for high-performance
Li-ion batteries and supercapacitors. Journal of Materials Chemistry A 2017, 5 (14),
6581-6588.

177

40.
Jiang, Q.; Li, J.; Yuan, N.; Wu, Z.; Tang, J., Black phosphorus with superior
lithium ion batteries performance directly synthesized by the efficient thermalvaporization method. Electrochimica Acta 2018, 263, 272-276.
41.
Del Rio Castillo, A. E.; Pellegrini, V.; Sun, H.; Buha, J.; Dinh, D. A.; Lago, E.;
Ansaldo, A.; Capasso, A.; Manna, L.; Bonaccorso, F., Exfoliation of few-layer black
phosphorus in low-boiling-point solvents and its application in Li-ion batteries.
Chemistry of Materials 2018, 30 (2), 506-516.
42.
Zhang, Y.; Sun, W.; Luo, Z.-Z.; Zheng, Y.; Yu, Z.; Zhang, D.; Yang, J.; Tan, H.
T.; Zhu, J.; Wang, X., Functionalized few-layer black phosphorus with super-wettability
towards enhanced reaction kinetics for rechargeable batteries. Nano Energy 2017, 40,
576-586.
43.
Zhang, Y.; Wang, H.; Luo, Z.; Tan, H. T.; Li, B.; Sun, S.; Li, Z.; Zong, Y.; Xu, Z.
J.; Yang, Y., An air‐stable densely packed phosphorene–graphene composite toward
advanced lithium storage properties. Advanced Energy Materials 2016, 6 (12), 1600453.
44.
Liu, H.; Zou, Y.; Tao, L.; Ma, Z.; Liu, D.; Zhou, P.; Liu, H.; Wang, S.,
Sandwiched Thin‐Film Anode of Chemically Bonded Black Phosphorus/Graphene
Hybrid for Lithium‐Ion Battery. Small 2017, 13 (33), 1700758.
45.
Chen, L.; Zhou, G.; Liu, Z.; Ma, X.; Chen, J.; Zhang, Z.; Ma, X.; Li, F.; Cheng,
H. M.; Ren, W., Scalable clean exfoliation of high‐quality few‐layer black phosphorus
for a flexible lithium ion battery. Advanced Materials 2016, 28 (3), 510-517.

178

6.6

Supporting Information

Figure S6-1. SEM images of (a) bulk BP and (b) BP/G/CNTs. (c) TEM image of
BP/G/CNTs. HR-TEM images of (d) graphite, (e) CNTs and (f) BP/G/CNTs. (g) SEM of
BP/G/CNTs. Corresponding (h) C and (i) P EDX maps in (g).
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Figure S6-2. (a) Cyclic voltammograms of the G/CNTs anode at a scan rate of 0.2 mV s1.

(b) voltage profiles of G/CNTs at 0.15 A g-1.

Figure S6-3. (a) Cycle performances of BP/G/CNTs, G/CNTs and pure BP at 0.15 A g-1.
(b) Thermal analysis testing (TGA) of BP/G/CNTs.
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Figure S6-4. Electrochemical performance of BP/G/CNTs cycled between 0.01 and 2.5 V
versus Li+/Li: (a) Capacity and Coulombic efficiency-cycle number curves of BP/G/CNTs
at 0.15 A g-1. Cycling performances of BP/G/CNTs at high current of (b) 0.5 A g-1 , (c) 1
and 2 A g-1.

Figure S6-5. Electrochemical performance comparison of (a) BP/G and (b) BP/G/CNTs
with different ratio of BP, graphite and CNTs cycled between 0.01 and 2.5 V versus Li+/Li
at 0.15 A g-1.
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Figure S6-6. Top view SEM images of pure BP electrode (a) before cycling, (b) cycled to
D-0.001V and (c) after 1st cycle. Side view SEM images of pure BP electrode (d) before
cycling, (e) cycled to D-0.001V and (f) after 1st cycle.

Figure S6-7. Top view SEM images of BP/G/CNTs electrode (a) before cycling, (b) cycled
to D-0.001V and (c) after 1st cycle. Side view SEM images of pure BP electrode (d) before
cycling, (e) cycled to D-0.001V and (f) after 1st cycle.
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Figure S6-8. Electrochemical impedance spectroscopy (EIS) scans of BP/G/CNTs, BP/G
and pure BP electrodes in LIBs.

Figure S6-9. HR-TEM image of BP/G/CNTs electrode discharged to D-0.75 V.
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Figure S6-10. (a) Comparison of ex-situ P K-edge XAS of BP/G/CNTs during charge and
discharge. (b) Energy shift of operando P K-edge XAS of BP/G/CNTs during charge and
discharge.

Table S6-1. Summary on the previously reported phosphorus-based anode materials
for LIBs
Material

P

Overall

Capacity High current Capacity mAh

content

mAh g-1

g-1

Ref

1009.4 after 600 cycles at
BP/G/CNTs

38.5%

1036

after

100 0.5 A g-1, 996 after 1000 This

cycles at 0.15 A g-1 cycles at 1 A g-1, 719 after work
1000 cycles at 2 A g-1.

Red P/mesoporous
C
Red P/CNTs

69%

~80%

900 after 20 cycles
at 0.19 A g-1
998.8

after

cycles at 0.11 A

50
g-1

N/A

Ref10

N/A

Ref11
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Red P/mesoporous
C matrix
Red

P/porous

carbon nanofibers

31.54%

34.44%

Red P/porous C

30.56%

Red P/Carbon

~70%

Red P-Graphene

~70%

BP-MWCNTs

61%

BP-Graphite

~46%

BP/Red P hybrid

100%

BP/Carbon

~70%

BP/Carbon Paper

31.97%

Few-layer BP

100%

971 after 85 cycles
at 0.29 A g-1
850

after

100

696 after 55 cycles
g-1

349 after 50 cycles
at 0.10 A g-1
898

after

300

cycles at 0.19 A g
1177

after

A g-1, ~400 after 1000 Ref6
cycles at 5.1 A g-1

cycles at 0.10 A g-1

at 0.10 A
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-1

N/A

Ref7

N/A

Ref9

N/A

Ref38

N/A

Ref13
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cycles at 0.52 A g-1 A g-1
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after
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cycles at 0.28 A g
491

after

-1
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cycles at 0.05 A g-1
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after
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-1
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g-1

Ref18

N/A

Ref17

N/A

Ref39

N/A

Ref21

N/A

Ref40

N/A

Ref41
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Exfoliated
BP/PEDOT

90.2%
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after

100

cycles at 0.10 A g

-1

Densely packed
Phosphorene (Pn) -

38%
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at 0.10 A g-1

BP/Graphene
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43.31%
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after

Ref42
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g-1
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N/A

Ref44

N/A

Ref45
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Table S6-2. Composition of BP/G/CNTs at different voltages during cycling based on exsitu and operando XAS.

Ex-situ XAS
discharge

BP

Pristine

Operando XAS

Operando XRD

Ex-situ XAS

Operando

Operando

discharge

discharge

charge

XAS charge

XRD charge

Pristine

Pristine

2.50V

2.500V

2.500V
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BP+Li3 P7

---

1.119V

1.206V

1.55V

1.599V

1.623V

Li3P7+LiP 0.75V

0.925V

0.893V

1.30V

1.233V

1.227V

LiP+Li3 P

0.50V

0.788V

0.799V

1.05V

1.028V

0.840V

Li3P

0.01V

0.001V

0.001V

0.01V

0.001V

0.001V
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7

Summary and Future Work
7.1

Conclusions

Black phosphorus (BP) is a 2D material which shows promising potential applications in
energy storage due to its high theoretical capacity, high surface area and carrier mobility.
The synchrotron-based techniques are powerful tools to study the structure and chemical
environment of the materials. In addition, operando XAFS and XRD are remarkable
techniques to study the real-time electrochemical processes of the electrodes. This thesis
focused on the synchrotron studies of the preparation, doping and electrochemical
mechanism of BP and BP-based anode materials.
Chapter 4 investigates a modified chemical vapor transport (CVT) method to synthesize
low-cost BP with low-purity (97%) red phosphorus (RP). The method shows high
conversion efficiency from RP to BP (97%), which is competitive with the high-cost BP
synthesized by high-purity (99.99%) RP. The modified method reduces the cost of BP by
several orders compared with the preparation with high-purity RP. In addition, the growth
mechanism of low-cost and high-quality BP has been intensively studied, confirming that
the impurities in low-purity RP cannot participate in the BP growth process. The
comparison of the high-cost and low-cost BP were carried out by XAS. The prepared lowcost BP was exfoliated to phosphorene nanosheets,showing promising HER activity, with
performance competetive with the high-cost phosphorene with high-purity RP as the
starting material.
Chapter 5 describes the fabrication of a Se-doped BP (SeBP) with differing Se weight

ratios by CVT synthesis. The local structure around Se in SeBP was predicted by DFT
calculation and further confirmed by EXAFS fitting, indicating the co-existence of
substitutional Se and metallic Se. The SeBP showed a narrower bandgap and higher
conductivity compared with that of pure BP. Additionally, by the doping of Se, the
bandgap of obtained materials declines with the rising Se content, thus resulting in a
significant improvement of electrical conductivity with the resistivity decreasing from
1.38 Ω·cm of undoped BP to less than 0.03 Ω·cm of Se-doped BP.
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Chapter 6 reports a high-capacity and stable BP anode for LIBs, which is a nanostructured
BP-graphite-carbon nanotubes composite (BP/G/CNTs) synthesized via ball-milling
method. The introduction of graphite and CNTs can improve the electrical conductivity of
the composite, offering pathways for Li+ transport, and stabilize the structure of
BP/G/CNTs during cycling. The nanosized BP together with graphite can accommodate
the volume changing issue of BP during charge and discharge, avoiding pulverization of
the material. The novel and unique BP/G/CNTs composite delivers an initial reversible
capacity of 1375 mA h g-1 and still maintains 1031.7 mA h g-1 after 450 cycles, showing a
remarkable capacity and stability. Moreover, the BP/G/CNTs anode shows excellent high
current performance with capacities of 1009.4 mA h g-1 after 600 cycles at 0.5 A g-1, 996
mA h g-1 after 1000 cycles at 1 A g-1, 719 mA h g-1 after 1000 cycles and 508.1 mA h g-1
after 3000 cycles at 2 A g-1. In addition, this work for the first time provides direct evidence
experimentally to present the electrochemical mechanism of BP anodes with three-step
lithiation and delithiation during cycling using ex-situ X-ray diffraction (XRD), ex-situ Xray absorption spectroscopy (XAS) and X-ray emission spectroscopy (XES), and operando
XRD and operando XAS, which reveal the formation of Li3P7, LiP, and Li3P at 1.119V,
0.925V and 0.788V during discharge, respectively. The reverse conversions from Li3P to
LiP, subsequently to Li3P7 , and finally to BP at 1.028, 1.233, and 1.599 V during charge,
respectively. Furthermore, the study indicated an open-circuit relaxation effect of the
electrode with ex-situ and operando XAS/XRD analyses.

7.2

Contributions to this field

1. Fabricating a low-cost synthesis method of BP. In this thesis, we adjusted the traditional
CVT method for BP preparation by changing the precursor from high-cost and high-purity
RP to low-cost and low purity RP (ACS Appl. Nano Mater. 2020, 3, 7508−7515). We
indicated that the purity of RP will not influence the purity, structure, and electrochemical
performance of the obtained BP. The adjusted method drastically decreased the cost of BP
by hundreds of times and provided a potentially industrial perspective of BP and BP-based
materials.
2. Improving intrinsic electrical conductivity of BP. In this thesis, we improve the intrinsic
electrical conductivity by 2 orders of BP by doping Se element into the BP lattice (Chem.
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Mater. 2021, 33, 2029−2036). We confirmed that Se dopant can decrease the bandgap of
BP and as a result, decrease the energy barrier of electron transition from conduction band
to valance band. The increasing intrinsic conductivity provides possibility of the practical
applications of BP in electrochemical field. In addition, we combined the DFT simulation
with EXAFS fitting and XANES calculation to analyze and confirm the local structure of
the dopant element, which provides a new insight of the structure characterization of doped
materials.
3. Revealing the new insight into the high-performance BP in LIBs. In this thesis, we
fabricated a BP-carbon composite, BP/G/CNTs as an anode material in LIBs (Advanced
Materials, DOI. adma.202101259). The obtained material successfully solved the issue of
huge volume change of BP in LIBs and delivered remarkable long cycle stability and rate
performance. In addition, we, for the first time, revealed the real-time reaction between BP
and Li+ during the cycling of LIBs by combining different laboratory and synchrotronbased techniques including ex-situ TEM, ex-situ XRD, ex-situ XAS, ex-situ XES,
operando XAS and operando XRD. The revealed mechanism of BP in LIBs provides
deeply understanding and possibility of further development of BP-based materials in
electrochemical field.

7.3

Future Work

Although a lot of remarkable achievements have been made, there are still a lot of
remaining challenges to be addressed. Herein, we provide the potential directions and our
perspectives in this field.
1) Improvement of air and chemical stability of BP
The air and chemical sensitivity of BP, which limited its practical applications, has already
been confirmed and studied by several previous works. Based on the literature, the
degradation of BP includes environmental effects (light, oxygen and water) and
morphological effect. The morphological effect has been clearly revealed by the atomic
force microscopy (AFM) and Raman spectroscopy by several groups, showing the smooth
to rough change of the BP surface with time. For the chemical effect of BP, different
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techniques are carried out to track the reaction between BP and air (oxygen and water),
including X-ray photoelectron spectroscopy (XPS),1, 2 electron energy loss spectroscopy
(EELS),3 anion-exchange chromatography (AEC),4 and nuclear magnetic resonance
(NMR) studies5. In addition, the thickness effect and proximity effect are confirmed by the
combination of STXM, XANES, and in-situ synchrotron-based XPS.
To date, S and Te doping are reported to help improve BP air stability by adjusting its band
gap6-8. However, the detailed studies of the morphology and local structure around dopant
are lacking. Thus, followed by the structural studies of Se-doped BP in Chapter 5, the same
study can be applied to the S-doped BP and Te-doped BP.
2) Additional analysis and energy storage applications of Se-doped BP
In Chapter 5, we confirmed the co-existence of substitutional Se and metallic Se in Sedoped BP. The introduction of dopant Se can decrease the bandgap and induce
improvement of the electrical conductivity of BP. However, it is unclear whether other
impurities in low-cost RP may also be transferred to the obtained BP and affect the bandgap
and electrical conductivity. Thus, additional analyses including the XAS and XPS of the
elements that exist in the low-purity RP are required.
In addition, one of the major challenges of the practical applications of BP is the
insufficient electrical conductivity of the nanosized or exfoliated BP, of which the band
gap will increase to ~2 eV from 0.3 eV.9, 10 To date, BP-carbon composite is a feasible
route to solve this problem. However, the introduction of carbon-based materials will
drastically decrease the overall capacity of the anode material. Thus, Se-doped BP with
intrinsic electrical conductivity might be a promising anode material for the energy storage
field, such as lithium-ion batteries (LIBs) or sodium-ion batteries (SIBs).
3) Potential applications of BP-based anode materials in all-solid-state batteries
Recently, all-solid-state lithium-ion batteries (ASSLIBs) have attracted intensive research
interest owing to their high theoretical energy density and improved safety. Compared with
traditional lithium-ion batteries (LIBs), ASSLIBs use solid-state electrolytes (SSEs) as the
lithium-ion transport media, which can in principle overcome the safety issues in LIBs
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associated with the use of liquid electrolytes (e.g. flammability and lithium dendrite
growth). As an advanced anode material in liquid-based LIBs, BP/G/CNTs shows
remarkable overall capacity, rate performance and long cycle stability under high current.
Thus, the potential application of this anode material in ASSLIBs is promising.
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